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Kosmos 60 is today the most talked 
about furnace black for reinforcing, nat- 
ural and synthetic rubber. It originates’ 
from oil and is perfected by United’s 
exclusive process. Its superb processing 
and balance of strength ie A for the best | 
in rubber 
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BON COMPANY, INC. 
NEW YORK * AKRON CHICAGO + BOSTON 


For rubber products 
That are better, 
Choose the proper 
PHILBLACK* letter! 


PHILBLACK A 


Ideal for smooth tubing, accu- 
rate molding, satiny finish. Easy 
processing, Excellent physical 
characteristics. 


PHILBLACK 


Best for superior wear at re- 
markably low cost. Resists cuts 
and cracks. A boon to tire 
makers. 


PHILBLACK © 


Choose it for improved abra- 
sion resistance, long flex life, 
good electrical conductivity. Ex- 
cellent dispersion. 


PHILBLACK E 


The toughest black on the mar- 
ket! Extreme abrasion resist- 
ance! Super durability for tires 
and mechanical goods, too! 


Write For Full Information 
PHILLIPS CHEMICAL COMPANY 


PHILBLACK SALES DIVISION 


318 WATER STREET—AKRON 8, OHIO 
PHILBLACK EXPORT SALES DIVISION + 80 BROADWAY - NEW YORK 5, N.Y. 
*A Trademark 


The Philblacks are manufactured at Borger, Texas. Warehouses in Akron, Boston, Chicago, and Trenton. West Coast agent: 
Harwick Standard Chemical Company, Los Angeles. Canadian agent: H. t. Blachford, ttd., Montreal and Toronto. 


‘Phillips 


Entered as second-class matter March 19, 1943, at the Post Office at Lancaster, Pa., under the Act of 
August 24, 1912. Acceptance for mailing at ial rate of postage provided for in paragraph (d-2), 
Section 34.40, P. L. and R. of 1948, authorized September 25, 1940. 


d 
~ 
ou 
} 
i 
q 
q 
4 
q 
q 
} 
66) 


HAF-SAF BLACKS 


Continental offers 


* 


-PONCA CITY, Oklahoma, plant— 


ow ~ observing ‘the 
_ strictest quality con- 


_WITCO CHEMICAL COMPANY 


Houston 
r, England 
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MARK 
CHEMICALS 


When the Sharples trademark was adopted over a quarter of a century 
ago the double check was made part of it to signify a pioneer idea—a 
double check on product quality; first when produced, and subsequently 
when shipped. Today our exacting quality control program double 
checks a chemical at many points in our plant—even after it is actually 
in containers ready to be shipped. 


Thus the DOUBLE CHECK in our trademark is more than just a 
distinctive design—it is YOUR assurance that everything YOU receive 
;. from Sharples has been DOUBLE CHECKED before leaving our plant! 


Do you have our new Catalog 54.1, ‘'Sharples Organic 
Chemicals— Physical Properties"’ 


SHARPLES CHEMICALS Inc 


4 SALT MANUFACTURING COMPANY 


(500 Fifth Ave w York 80 E Jackson Boulevard, Chicago 
Th nnsylvania Salt Manufacturing Com any 
los Angeles Tacoma @ Berkeley 
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“Thiokol” Plasticizer TP-90 B is an efficient low temperature plasticizer. Even at high con- 
centrations it does not appreciably impair the physical properties of the compounds in 
which it is used. 


“Thiokol” Plasticizer TP-90 B is highly compatible with natural rubber, Neoprene nitrile- 
type rubbers and GR-S. It imparts excellent low temperature flexibility to these elastomers 
and maintains high resilience over a wide temperature range. 


The following results illustrate how “Thiokol” TP-90 B yields excellent low temperature flexibilities 
while still maintaining the physical properties: 
Natural Hyca' Paracril-B GR-S 
Rubber 5 
30 30 30 
30/310 30/310 30/310 
2200 1500 
530 380 
rometer 42 45 
Low Temperature Flexibility** -95°F 


oop, ined ding to o modification of ASTM method D 1043-49T. The temperatures 
shown are the values at which the absolute torsional moduli ore 10,000 p.s.i. Although the 
specimens were still quite flexible, G10,000 was arbitrarily chosen as the stiffening point. 


This information is believed to be accurate. However, 
no warranty is expressed or implied regarding 
the eccuracy of these dato, or the use of this product. 


784 NORTH CLINTON AVENUE + TRENTON 7, NEW JERSEY 
In Canada: Naugatuck Chemicals Division, Dominion Rubber Company, Elmira, Ontario 
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OIL- AND HEAT-RESISTANT PARTS are made faster and better with 
CHEMIGUM. Easier processing, quicker curing and superior 
physical properties (see table) are the reasons. 


ll 


COMPARISON OF PHYSICAL PROPERTIES — CHEMIGUM vs. SIMILAR NITRILES 


Minutes Cure @ 305°F. 30/60 15 30/60 20/40 
Type of Rubber Nitrile “A” Nitrile “B”’ Nitrile “C” Cnemicum N3NS 
Tensile, psi 2425/2675 2150 2450/2425 2950/2750 
Elongation, % 495/525 585 360/350 610/520 
300% Modulus, psi 1400/— 1025 1825/1875 1400/1525 
Hardness, Shore “A” 68/65. 63 63/63 67/69 


Note: Same sulfurless compound used. 


FASTER SULFURLESS CURES 


using less acceleration come with Seen 


And you get better physical properties, too. 
Just look at the table above. A basic oil-resistant com- 
pound was used. Sulfur was omitted to obtain high 
heat-resistance. All the other rubbers required more 
acceleration. Nitrile ““C’’ needed considerably more, plus 
some sulfur for proper cure. Yet the CHEMIGUM compound 
cured much faster and gave higher tensile, elongation and 
hardness. 

Moreover its heat-resistance was equal to or better than 
that of the others. So was its solvent-resistance. And the 
CHEMIGUM processed much easier to give you still another 
good reason for trying this use-proved nitrile with its 
new, light color and smaller bale. 

A post card will bring you plenty of samples and tech- 
nical help. Simply send it to: 


Goodyear, Chemical Division, Akron 16, Ohio. CHEMICAL 


GOOD-YEAR 


DIVISION 
PLIO-TUF + PLIOVIC + WING-CHEMICALS—The Finest Chemicals for industry 


Use-Proved Products — CHEMIGUM PLIOBOND PLIOLITE 


3 = 


RUBBER CHEM. & TECH.—Apr.-June 1954 


The eighteen-pound kit containing 38 tools was 
considered just what the motorist needed in 1906. 
Gradually, as automobiles improved, the need for 
tools decreased until approximately twenty years 
later a simple jack was the main tool carried by 
motorists. 


And as cars improved, the rubber industry grew 
along with them, until today it is one of the largest 
in the country. Monsanto has played an important 
part in this progress. Its complete line of acceler- 
ators, antioxidants and special materials for rub- 
ber are virtually standards of the industry. 


For complete information about these products: 


Get of the new catalog, ““Chemicals for 
the Rubber Industry.”’ Entirely revised and up-to- 
date, this catalog is now available. Send for your 
copy now. Write to MONSANTO CHEMICAL 
COMPANY, Rubber Chemicals Department, 920 
Brown Street, Akron 11, Ohio. 


| MONSANTO 


CHEMICALS ~ PLASTICS 


Serving Industry 
Which Serves 
Mankind 


MONSANTO CHEMICALS FOR THE RUBBER INDUSTRY 


6 
How. long did ittake 
AT 
LY ORO 
Answer: Twenty years. 
$ 
ANTIOXIDANTS Mertax (purified Thiotax) Ethy! Thivrad (Tetramethyi- 
Flectol* H Thiotax (2-Mercapto thivram disulfide) 
Santofiex* B Mono Thiurad (Tetramethy!- 
5) Santofiex BX Thiofide* (2,2 dithio-bis thiuram monosulfide) 
Santofiex benzothiazole) Methasan®* (Zinc salt dimethyl 
Santofiex dithiocarbamic acid 
GUANIDINE 
Sentowhite MK” ACCELERATORS 
Butasan* (Zine salt of dibuty! 
Sentowhite dithiocarbamic acid) 
ALDEHYDE AMINE ULTRA ACCELERATORS 
ACCELERATORS FOR LATEX, ETC. SPOGIAL MATERIALS 
Thiocarbanilide 
A-32 R-2 Crystals : 
A-100 RZ-50 R 
Santocure* Thivrad* (Tetramethyi-thivram COLOR 
disulfide) REODORANTS 
*Reg. U.S. Pat. Off. 
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helping hand 


Make TEXAS CHANNEL BLACKS your helping 
hands for holding down material costs and reducing 
scorched stock. 


Customers of the Sid Richardson Carbon Co. have no 
cause to worry about the increasing use of channel 
blacks or the diversion of gas from channel plants to 
production facilities assure you of our ability to meet 
your present and future requirements with a continu- 
ing supply of highest quality, economical-to-use 
TEXAS “E” and “TEXAS “M” channel blacks. 
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AS A 
QUALITY 
ECONOMICAL RESIN 
IN RUBBER COMPOUNDING 


PANAREZ hydrocarbon resins are effective and inexpensive for 
rubber compounding. They have low specific gravity - Low odor 
- Show no effect on cure - There is a marked improvement in 
processing - Longer flex life - Greater abrasion resistance - 
Better color stability - Electrical characteristics are excellent. 
Prompt shipments made in carload or single drum quantities. 
Write for samples. 


Softening 
Point, °F 


PANAREZ 3-210 200-220 
PANAREZ 6-210 200-220 
PANAREZ 12-210 200-220 


PAN AMERI 


American Refining Corp. 


122 EAST 42mp STREET + NEW YORK 17, N. Y. 
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CABOT AS THE WORLD'S 


ONLY CARBON BLACK 
MANUFACTURER OF CHANNEL, 
FURNACE AND THERMAL GRADES 


offers the greatest variety of 


NON-STAINING 
CARBON BLACKS 


available to the rubber industry 


CABOT’S NON-STAINING CARBON BLACKS 


3) HAF High’ Abra 


Furnace), Vulcan 61 
STERLING SO | FEF | Fast Extruding Furnace - intermediate: Sup 


| Abrasion Furnace), 
STERLING V | GbE! General Purpose Furnace SAF (Sup 


Non-Staining 


STERLING NS |SRF| Semi-Reinforcing Furnace 
Oil are used primarily 

for their high reint 

PELLETEX NS | SRF | Semi-Reinforcing Furnace 


possess 
STERLING MT | Ing charac 


Non-Staining 


Medium Thermal 


GODFREY L. CABOT, INC. 


77 FRANKLIN ST., BOSTON 10, MASS. 
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Don't MISS— 
“THE STYRENE MONOMER STORY” 
picture of a chemical giant 


@ Here is an interesting, comprehensive picture of Styrene 
Monomer today —its diversified Re gongs its potentialities— 
the story of a remarkable chemical that only 20 years ago was 
a laboratory curiosity. 

This well- illustrated booklet goes into detail on the countless 
commercial uses of Styrene Monomer: synthetic rubber for tires, 
hose, industrial belting, shoe soles and heels and floor tile; plastic 
materials for housewares, toys, radio and refrigerator parts; 
styrene co-polymer latices for paints, paper coatings, and waxes; 
polyester resins for the manufacture of glass fiber reinforced 
articles such as furniture, storage tanks, boat hulls, and car 
bodies; drying oils and alkyd resins for varnishes and enamels; 


and many, many more products. 


Send for your 


klet now — Free of charge. 
Just fill in and mail the coupon 
below. 


Koppers Company, 
Division, Dept RCT-64 
Pittsburgh 19, Pennsylvania 

Please send me your booklet on Styrene 
Monomer. 


KOPPERS COMPANY, INC. 
CHEMICAL DIVISION, DEPT. RCT-64, PITTSBURGH 19, PENNSYLVANIA 


SALES OFFICES: NEW YORK - BOSTON - PHILADELPHIA 
ATLANTA - CHICAGO - DETROIT - LOS ANGELES 
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chemicals for 
the rubber industry 


ACCELERATORS 
Thiazole 
MBT (Mercaptobenzothiazole) 
MBT-XXX (Specially Refined — Odorless) 
MBTS (Benzothiazyldisulfide) 
NOBS* No. 1 Accelerator 
NOBS* SPECIAL Accelerator 
Guanidine 
DPG (Diphenylguanidine) 
DOTG (Diorthotolylguanidine) 
Accelerator 49 
ANTIOXIDANT 
Antioxidant 2246* 
(Non-staining, non-discoloring type) 
PEPTIZER 
Pepton® 22 Plasticizer 


RETARDER 
Retarder P.D. 


SULFUR 
Rubber Makers’ Grade 


*Trade-mark 


® 
AMERICAN Ganamid COMPANY 


INTERMEDIATE & RUBBER CHEMICALS DEPARTMENT 
BOUND BROOK, NEW JERSEY, U.S.A. 


SALES REPRESENTATIVES AND WAREHOUSE STOCKS: Akron Chemical Company, 

kron, Ohio « Ernest Jacoby and Company, Boston, Mass. « Herron & Meyer of 
Chicago, Chicago, Ill. « H. M. Royal, Inc., Los Angeles, Calif. » H. M. Royal, Inc., 
Trenton, N.J. * In Canada: St. Lawrence Chemical Company, Ltd., Montreal and Toronto 
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The whole family 
steps out in style! 


Coumarone Resins 


The buyer of shoes looks for style, lightness, flexibility, comfort, waterproof 
Protection and long wear! 

The manutfacturer, on the other hand, in order to guarantee these necessary 
selling points, seeks tensile strength, abrasion resistance, flex-life and uniform 
quality in the stock he uses for producing quality foot-wear! 


Why not call on Neville’s 
yeors of experience and 
“know-how” to help you in 
your particular problems. 


e 
PRODUCTS OF TOMOREOS 
them THRE CHEMICALS 
OF 


That's why Neville Coumarone Resins are being used in sole and heel 
compounding in ever-increasing volume. Through them manufacturers enjoy 
improved properties and production advantages, building tack in their 
@ompounds without sacrificing hardness, tensile or tear. 


NEVILLE CHEMICAL CO. ¢ PITTSBURGH 25, PA. 


Plants of Neville Island, Pa., and Anaheim, Cal. 
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ACCELERATORS 

THIAZOLES— 
Looking for M-B-T 

M-B-T-S | O-X-A-F 

the finest in... 

MONEX*t | TUEXt 


MORFEX | ETHYL TUEXt 
PENTEX* 


DITHIOCARBAMATES— 
ARAZATE* | ETHAZATE** 
BUTAZATE*| METHAZATE** 


ALDEHYDE AMINES— 
BEUTENE* | HEPTEEN BASE* 
TRIMENE* | TRIMENE BASE* 


XANTHATES— 
C-P-B* Z-B-X* 
ACTIVATORS 


VULKLOR DIBENZO G-M-F 
D-B-A G-M-F 


Chemicals? 


AMINOX* B-L-E* 
ARANOX* | B-X-A 
ACCELERATE OCTAMINE* | BETANOX* Special 


SPECIAL PRODUCTS 


PROTECT BWH-1 SUNPROOF* improved 

CELOGEN SUNPROOF*® junior 

NAUGATUCK offers a complete CELOGEN-AZ | SUNPROOF*—713 
line of proven accelerators, activa- E-S-E-N SUNPROOF* Regular 


and special LAUREX* SUNPROOF* super 
c icals to give you thorough con- % RALA i 

trol of rubber product manufacture TONOX C* A-EP 
and performance. 


SPECIAL PRODUCTS FOR 
form or tasedispersing, treet SYNTHETIC POLYMERS 
- THIOSTOP K & N—short stops 


POLYGARD-stabilizer 
*Reg. U.S. Pat. Off. 


S Naugatuck Chemical 


Division of UNITED STATES RUBBER COMPANY 
341 Elm Ste , Naugatuck, Conn. 
IN_ CANADA: NAUGATUCK CHEMICALS DIVISION 
inion Rubber Company, Limited, Elmira, Ontario 
Rubber Chemicals Svathetic Rebbe Agricultural Chemicals 
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YOU WANT MOST 
FROM 
PROCESS AID 


Better physicals, lower cost, processing ease— 
or the best combination of the three? The com- 
bination, of course. That’s where Sun comes in. 
From its complete line, you can select the one 
process aid that will give you a finished product 
meeting specifications and costing the mini- 
mum to produce. For more information, call 
your nearest Sun office or write SuN Or Com- 
PANY, Philadelphia 3, Pa., Dept. RC-4. 


INDUSTRIAL PRODUCTS DEPARTMENT 
SUN OIL COMPANY =QUNOCH 


PHILADELPHIA 3, PA. ¢ SUN OIL COMPANY LTD., TORONTO & MONTREAL 
Made by the refiners of famous Blue Sunoco Gasoline and Dynalube Motor Oils 
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CARBON BLACKS 


SAF (Super Furnace) 


STATEX- 125 


HAF (High lin, Furnace) 
STATEX-R 


MPC (Medium Channel) 
STANDARD MICRONEX® 


EPC (Easy Channel) 


MICRONEX W-6 


FF (Fine 
STATEX-B 


FEF (Fast slate Furnace) 
STATEX-M 


HMF (High Modulus Furnace) 
STATEX-93 


SRF (Semi-Reinforcing Furnace) 
FURNEX® 


+ COLUMBIAN COLLOIDS - 
COLUMBIAN CARBON CO. - BINNEY & SMITH INC. 


MANUFACTURER DISTRIBUTOR 
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(General Tire & Rubber Co.), (Miss) Dorris Hau (Firestone Tire 
& Rubber Co.), (Miss) Dororpy Hamuien (University of Akron), 
H. N. Srevens (B. F. Goodrich Research Center), H. E. Simmons 
(Firestone Tire & Rubber Co.), (Miss) Leora Straka (Goodyear 
Tire & Rubber Co.), H. C. Tincey (United States Rubber Co.), R. F. 
Wo tr (Columbia-Southern Chemical Corp.). 

Membership... ..J.J. Horsty, Chairman (Goodyear Tire & Rubber Co.), with 
a member from each local group. 

Nominating....J. T. Buake, Chairman (Simplex Wire & Cable Co.), C. R. 
Haynes (Binney & Smith Co.), M. E. Lerner (The Rubber Age), 
W. L. Semon (B. F. Goodrich Research Center), J. D. D’IANN1 
(Goodyear Tire & Rubber Co.). 

Papers Release....A. M. Neat, Chairman (E. I. du Pont de Nemours & Co.), 

C. C. Davis (Boston Woven Hose & Rubber Co.), B. 8S. Garvey, JR. 
(Sharples Chemicals, Inc.). 

Papers Review. ...J. M. Batu (Midwest Rubber Reclaiming Co.), C. C. Davis 
(Boston Woven Hose & Rubber Co.), 8. D. GeHman (Goodyear Tire 
& Rubber Co.), A. M. Neat (E. I. du Pont de Nemours & Co.). 

Tellers....H. 1. CRamer, Chairman (Sharples Chemicals, Inc.), G. 8. Hastam 
New Jersey Zinc Co.), G. J. WyroucH (Wyrough & Loser). 


OFFICERS OF LOCAL RUBBER GROUPS 


AKRON 


Chairman....Roy H. Marston, Jr. (Binney & Smith Co., Akron). Vice- 
Chairman....V.L. PETERSEN (Goodyear Tire & Rubber Co., Akron). Secre- 
tary....F. W. Gace (Columbia-Southern Chemical Corp., Akron). Treasurer 
....H. M. Brusaker (Witco Chemical Co., Akron). (Terms expire June 30, 
1954.) (Meetings, 1954....January 29, April 2, June 18, October 22.) 


Boston 


Chairman....W. Fraser (Titanium Pigment Corp., Boston). 
Vice-Chairman....Epwin D. Cove tu (Stedfast Rubber Co., Inc., Mattapan, 
Mass.). Secretary-Treasurer....JAMES E. Witiiamson (Tyer Rubber Co., 
Andover, Mass.). (Terms expire Dec. 31, 1954.) (Meetings, 1954.... 
March 26, June 18, October 15, December 10.) 


BUFFALO 


Chairman....GLENN Meyers (James O. Meyers & Son, Buffalo). Vice- 
Chairman....CHARLES E. Jonnson (Hewitt-Robins, Inc., Buffalo). Secre- 
tary-Treasurer....Paut Scuwert (Hewitt-Robins, Inc., Buffalo). (Terms 
expire Dec. 31, 1954.) (Meetings, 1954....March 9, May 14, June 22, Octo- 
ber 5, December 7.) 
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CxIcaco 


Chairman....SterHen M. Lituis (Victor Manufacturing & Gasket Co., 
Chicago). Vice-Chairman....A. L. Ropinson (Harwick Standard Chemical 
Co., Chicago). Secretary....LawreENcE W. Herpe (Western Felt Works, 
Acadia Synthetic Products Division, Chicago). Treasurer....ALBERT E. 
LAURENCE (Phillips Chemical Co., Lombard, Illinois). (Terms expire May, 
1954.) (Meetings, 1954....February 5, March 26, April 30.) 


CoNNECTICUT 


Chairman....G. A. DiNorscia (Sponge Rubber Products Co., Shelton, 
Conn.). Vice-Chairman....Warp E. Fisher (Armstrong Rubber Co., West 
Haven, Conn.). Secretary....James R. Borie (Armstrong Rubber Co., West 
Haven, Conn.). Treasurer....Harry Gorpon (Bond Rubber Corp., Derby, 
Conn.). (Terms expire Dec. 31, 1954.) (Meetings, 1954....February 12, 
May 14, September 18, November 12.) 


DETROIT 


Chairman....W. J. Simpson (Chrysler Corp., Detroit). Vice-Chairman 
....3. T. O’Remuy (Ford Motor Co., Dearborn, Mich.). Secretary....H. W. 
Hoeravur (U. 8. Rubber Co., Detroit). Treasurer....W. F. BAverR (Brown 
Rubber Co., Inc., Detroit). Assistant Secretary....E. W. Trnurrson (Wayne 
University, Detroit). (Terms expire Dec. 31, 1954.) (Meetings, 1954.... 
February 12, April 9, June 25, October 8, December 10.) 


Fort WAYNE 


Chairman....C. E. Covemu [Auburn Rubber Corp., Auburn, Indiana). 
Vice-Chairman....H. C. Rapp (Belden Manufacturing Co., Richmond, 
Indiana). Secretary-Treasurer....J. L. Caruson (Paranite Wire & Cable 
Division, Essex Wire Corp., Marion, Indiana). (Meetings, 1954....February 
11, April 8, June 11, September 30, December 2.) 


Los ANGELES 


Chairman....L. E. Bupnick (Ohio Rubber Co., Long Beach). Associate 
Chairman....F. C. Jonnston (Caram Mfg. Co., Monrovia, Cal.). Vice- 
Chairman....C.S. Hoaiunp (R. D. Abbott Co., Los Angeles). Secretary.... 
A. H. Feperico (C. P. Hall Co., Los Angeles). Treasurer....W. M. ANDER- 
son (Gross Manufacturing Co., Monrovia). (Terms expire Jan. 1, 1955.) 
(Meetings, 1954.... February 2, March 3, April 6, May 4, June 12-13, October 
5, November 3, December 3.) : 


New Yor« 


Chairman....JosEPH BrecKLEY (Titanium Pigment Corp., New York). 
Vice-Chairman....S. M. Martin, Jr. (Thiokol Chemical Corp., Trenton, 
N. J.). Secretary-Treasurer....P. P. Pinto (The Rubber Age, New York). 
(Terms expire December, 1954.) (Meetings, 1954....April 2, June 10, 
August 3, October 22, December 10.) 
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NorTHERN CALIFORNIA 


Chairman. ...Jim (Mansfield Tire & Rubber Co., Oakland). Vice- 
Chairman....Hausey Burke (Burke Rubber Co., San Jose). Secretary.... 
Eveene Gapor (Oliver Tire & Rubber Co., Oakland, Cal.) Treasurer.... 
Sran Mason (Pioneer Rubber Mills, Pittsburg, Cal.), (Terms expire Dec. 
31, 1954.) (Meetings, 1954... .January 21, February 18, March 18, April 22, 
May 20, June 17, October 21, November 18.) 


PHILADELPHIA 


Chairman....A. J. D1 Maaato (Firestone Tire & Rubber Co., Pottstown, 
Pa.). Vice-Chairman....M. A. Youxer (Rubber Chemicals Division, E. I. 
du Pont de Nemours & Co., Inc., Wilmington, Del.). Secretary-Treasurer.... 
L. E. Wuire (Walker Bros., Conshohocken, Pa.) (Terms expire Jan. 21, 
1955.) (Meetings, 1954....January 22, April 30, August 20, November 12.) 


Istanp 


Chairman....F. W. Burcer (Kleistone Rubber Co., Warren). Vice- 
Chairman....Urpain J. H. Mato (Crescent Insulated Wire Co., Pawtucket). 
Secretary-Treasurer....RaymMonp (Acushnet Process Co., New Bed- 
ford, Mass.) (Terms expire Nov. 8, 1954.) (Meetings, 1954....April 1, 
June 3, November 8.) 


SouTHERN OHIO 


Chairman....8. L. Brams (Dayton Chemical Products Laboratories, Inc., 
West Alexandria, Ohio). Vice-Chairman....FRanx Newton (Dayton Rubber 
Co., Dayton). Secretary....R. J. Hoskin (Inland Mfg. Division, G. M. 
Corp., Dayton). Treasurer....Cart A. Griep (Dayton Rubber Co., Day- 
ton). (Terms expire Dec. 31, 1954.) (Meetings, 1954....March 25, June 5, 
September 23, December 18.) 


WasuinerTon, D. C. 


Chairman....Gzorce M. Rriverre (Goodyear Tire & Rubber Co., Wash- 
ington). Vice-Chairman....Paut 8. Greer (Synthetic Rubber Division, 
R.F.C., Washington). Secretary....ALFRED M. ANismaNn (Synthetic Rub- 
ber Division, R.F.C., Washington). Levene (Bureau of 
Ships, Navy Dept., Washington). Recording Secretary....(Mnrs.) Racwe. J. 
Fannino (National Bureau of Standards, Washington). (Meetings, 1954.... 
January 20, February 17, March 17, April 21, May 19.) 
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NEW BOOKS AND OTHER PUBLICATIONS 


Russer Rep Book. 1953-54 Edition, Ninth Issue. Published by 
Rubber Age, 250 W. 57th St., New York 19. Cloth, 6 by 9 inches, 1,198 pages. 
Price, $10.—This series continues to grow in size; the new edition shows an 
increase in total number of pages, including advertisements, of 84. The gen- 
eral format and appearance are unchanged, although each section has been 
revised and brought up to date. Innovations in this edition include a special 
section devoted to export agents and the inclusion of the full names of company 
officers and executives in the alphabetic listing of rubber manufacturers. 

The directory is divided into sections covering rubber manufacturers in the 
United States and Canada; rubber machinery and equipment; laboratory and 
testing equipment; accessories and fittings ; rubber chemicals and compounding 
materials; fabrics and textiles; natural rubber and related materials; synthetic 
rubbers and other rubberlike materials; reclaimed rubber; scrap rubber and 
plastics ; latex and related materials; miscellaneous products and services ; con- 
sulting technologists ; sales agents and branch offices ; export agents ; educational 
courses in rubber chemistry and technology; trade and technical organizations; 
technical journals; who’s who in the rubber industry; and both subject and 
advertiser indexes. [From the India Rubber World.] 


Latex 1n Inpustry. Second Edition, 1953. By Royce J. Noble. Pub- 
lished by The Rubber Age, 250 West 57th St., New York 19, N. Y. Cloth, 


6 X 9 inches, 912 pages. Price, $15.00.—A comparison of this new edition 
with the first edition, published in 1936, provides one with a good measure of 
the rapid growth of the latex industry during the intervening period. Whereas 
the first edition contained 384 pages, this new edition is a weighty tome of 912 
pages, including 400 pages of bibliography. It covers the practical aspects of 
both natural and synthetic rubber preparation, testing, and application. 

The material is divided into three main divisions. Part I is made up of ten 
chapters, and deals with the preparation, compounding, and properties of latex. 
Natural latex, its preservation, concentration, and shipment are covered in 
detail. Synthetic latexes, rubber dispersions, vulcanized latex, general com- 
pounding materials and practices, coagulation, and vulcanization of latex rub- 
ber deposits are also treated in this section. Part II, fourteen chapters, covers 
the industrial applications of latex. Detailed information is given on all the 
important processes, such as impregnation, spreading, dipping, casting, elec- 
trodeposition, foamed latex, thread, and adhesives. Part III, one 102-page 
chapter, deals with the testing of latex and latex compounds, and includes 
methods for sampling, determination of total solids, dry-rubber content, rubber 
hydrocarbon, coagulum, strainability, sludge, alkalinity, KOH number, me- 
chanical and chemical stability, surface tension, viscosity, etc. 

Procedures for preparing and testing latex films are included. Stress-strain 
properties, aging, density, water absorption, Mooney viscosity, ash, extract- 
ables, sulfur, copper, and manganese are described. In addition, procedures 
for identifying natural and synthetic rubbers and for the control testing of 
common compounding ingredients are given. 

The chapters on compounding and dipping give the impression of being 
especially authoritative. However, the chapter on “Porous Rubber”, which 


vii 


7 


includes foamed latex, seems to have been given too light treatment, particul- 
arly since foamed latex is now such an important material and accounts for the 
greater part of the latex used. The text on rubber thread seems a bit general- 
ized. 

This new edition of Noble’s earlier work is directed toward the practical 
man and contains little for the theorist. It is a valuable addition to the tech- 
nical literature of rubber, and should be readily accessible to everyone concerned 
with the technological aspects of the production and use of latex. In addition 
to practical workers in the field, it is reeommended also as a handy reference 
volume for technical sales, and for legal and management personnel. [Leonard 
A. Wohler.] 


Ruspper—A Story or ROMANCE AND ScIENCE. United States Rubber Co., 
Rockefeller Center, New York 20, N. Y. 34 pages.—This brochure, a resived 
edition of a similar U. S. Rubber publication entitled, ‘‘Romance of Rubber’, 
describes the collection and preparation of natural rubber, the manufacture of 
synthetic rubber, and the applications to which these materials are put. Pro- 
fusely illustrated, the booklet is intended to acquaint school children with the 
rubber products they use. [From the India Rubber World.] 


RvuBBER AND Priastics Usep IN THE PrinTING INDUsTRY. PL-3. Re- 
search & Engineering Council of the Graphic Arts Industry, Inc., Washington, 
D. C. Paper, 8} by 11 inches, 24 pages. Price, $3.—Intended as a broad guide 
both to the industry and to manufacturers and suppliers of rubber and plastic 
materials, this brochure outlines the use of these materials in printing applica- 
tions. The preparation and use of rubber printing plates, including types, 
molds, handling, and limitations, and of plastic plates (thermosetting and 
thermoplastic), including inks, adhesives, molds, etc., are described in detail. 
[From the India Rubber World.] 


Oreanic Coatinc TEcHNOLOGY. Vo.uME I. Resins, VARNISHES, 
AND Potymers. By Henry Fleming Payne. John Wiley & Sons, Inc., 440 
Fourth Avenue, New York 16, N. Y. 6X9 inches, 674 pages. Price $10.00. 
This volume, the first of a series of two, covers the manufacture, chemistry, 
and use of the principal materials employed in the coating industry. The fund- 
amental chemistry of the base materials, solvents, driers, plasticizers, and other 
ingredients is presented. The several types of each group of film-forming sub- 
stances are listed, with a comprehensive description of their usage and proper- 
ties, both in the processing and in the finished states. Probably of greater 
interest to the plant chemist is the large number of practical formulations, with 
tables and discussions pertaining to the applications, processing conditions, and 
properties of these formulations. 

Fifteen chapters treat of the fundamentals of film formation, vegetable and 
marine oils, varnish resins, driers, solvents, resins of the alkyd, urea-formalde- 
hyde, and melamine-formaldehyde types, rubber resins, plasticizers, cellulose 
polymers, resins of the vinyl, acrylic ester, and silicone types, and an excellent 
chapter on test methods. The chapter on rubber resins treats briefly of the 
chemical compositions and properties of natural and synthetic rubbers, and 
more extensively of chlorinated rubber (Parlon), cyclized rubber (Pliolite), 
chlorinated biphenyls (Arochlor), chlorinated paraffins (Chlorafin and Chloro- 
wax), and synthetic-rubber latexes. 


or 


The author’s inclusion of a few philosophical reflections gives this volume a 
friendly atmosphere not usually encountered in technical literature. [H. 8. 
Anthony, Jr.] 


ASTM Sranparps oN TEXTILE MATERIALS (WITH RELATED INFORMA- 
TION). Published by American Society for Testing Materials, 1916 Race St., 
Philadelphia 3, Penna. 6 X9 in. 696 pp. $5.25.—This 1953 compilation of ASTM 
Standards on Textile Materials brings together in compact readily usable form 
the ASTM specifications, test methods, and tolerances widely used in this field. 
Prepared by ASTM Committee D-13 on Textile Materials, this edition gives in 
their latest form 105 ASTM standards, including 80 test methods; 17 specifica- 
tions; 2 definitions of terms relating to textile materials; 3 tolerances for fila- 
ment yarns (acetate-nylon-rayon); 3 recommended practices: one for inter- 
laboratory testing of textile materials—another for designation of linear density 
of fibers, yarns, and other textile materials in universal units—and one for 
designation of yarn construction; and other material. Groups of standards in 
this compilation cover: asbestos, bast and leaf fibers, cotton, glass textiles, 
rayon, acetate and silk, wool, pile fabrics (carpets), felt; and general fibers, 
fabrics, yarns, threads, and cordage. Also, identification, qualitative, and 
quantitative analysis; and resistance to insect pests and microorganisms. 
General test methods cover testing machines, humidity, and interlaboratory 
testing. A convenient table of contents is included (by subject and ASTM 
serial designation) as well as an extensive index. [From The Rubber Age.] 


Tue Van Nostranp CuHemist Dictionary. Published by the D. Van 
Nostrand Co., Inc., 250 Fourth Ave., New York 3, N. Y. 6X9 in. 762 pp. 
$10.00.—This is a new type of chemical dictionary which has been designed to 
meet the needs of the present-day chemist and chemical engineer. It contains 
over 11,000 definitions of laws, equations, reactions, tests, solutions, laboratory 
apparatus, and industrial processes and equipment. Both proper-name terms 
and common names are included so that, for example, the user can locate the 
law of the rectilinear diameter as well as the law of Gay-Lussac or the Langmuir 
adsorption isotherm as well as the equation of continuity. The definitions in 
the book, prepared by a special board of editors, are specifically shaped for the 
use of the chemist. The equations and laws are clearly explained, and their 
range of application is indicated. The solutions and tests are outlined in de- 
tail, including the quantities of reagents and the steps in the preparation or 
analysis. The type compounds, radicals and reactions are given with struct- 
ural formulas and equations. These definitions range in size from a few words 
to comprehensive articles, several pages long. This new dictionary is a valuable 
work tool for the chemist and engineer and a welcome addition to the technical 
bookshelf. [From The Rubber Age.] 


Tue Firestone Story. By Alfred Lief. Published by the McGraw-Hill 
Book Co., 330 West 42nd St., New York 36, N. Y. 6X9 in. 438 pp. $4.50.— 
Covering the first 50 years of the Firestone Tire & Rubber Co., this book gives 
not only a close-up of Harvey Firestone, Sr., but a glimpse into American 
history. It is a book about American inventiveness, industry, and character; 
a story of the growth of a free competitive economy from its inception through 
1950. Mr. Lief spent more than three years doing the research for the book, 
and during this time the archives of the Firestone organization were completely 
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at his disposal. He also gathered much of his information from friends and 
employees of Mr. Firestone. Since the story of the Firestone organization lies 
in the reflected shadow of its founder, the book is biographical to a large extent. 
This book takes its place along with the ‘House of Goodyear’’ as a factual re- 
port of the growth of one of America’s formost rubber manufacturing concerns. 
[From The Rubber Age.]} 


Sinicones aND THErR Uses. By Rob Roy McGregor. Published by 
McGraw-Hill Book Co., Inc., 330 West 42nd St., New York 36, N. Y. 54 X8 in. 
302 pp. $6.00.—The available information on the numerous types of silicone 
products is ably correlated in this work. The properties, preparation and ap- 
plications of these fascinating materials are described in nontechnical language 
to give the reader an overall picture of what silicones are and what they can be 
used for. Types of commercial products covered include silicone rubber, sili- 
cone fluids, silicone compounds, silicone lubricants, silicone resins, and ‘“‘bounc- 
ing putty”. Representative industries and the uses they are making of sili- 
cones are tabulated and techniques of application shown. Preparation of 
silicones from raw material to the finished product is explained in an elemen- 
tary manner to make this information equally helpful to both chemists and 
non-chemists. The section on silicone rubber covers 36 pages and treats of 
chemical and physical properties, preparation of the rubber, types available, 
and numerous commercial applications in the form of dispersions, pastes, and 
stocks. The book has 5 chapters and a subject index. A list of 152 literature 
references is also included. [From The Rubber Age. ] 


WINNING THE Batre For More MILaGe ON PasseNGER CaRs. 
Rubber Manufacturers Association, Inc., 444 Madison Avenue, New York 22, 
N. Y. 8}X11 in. 24 pp.—This publication describes and illustrates common 
abuses and misuses to which automobile tires and tubes are subjected. It 
contains many helpful hints for obtaining maximum service from automobile 
tire equipment. These are detailed in five sections relating to fabric injuries, 
tread wear, inflation, wheel balance, and inner tube troubles. Proper care of 
tires, the publication states, can make driving safer, assist in the efficient 
operation of the car, and save money.[From The Rubber Age.] 
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THE POLYMERIC STRUCTURE OF 
NATURAL RUBBER * 


L. BATEMAN AND W. F. Watson 


British Russer Propucers’ Researcnu Association, Tew1n Roap, 
Wetwrn Garpven Hertrorpsxrre, ENGLAND 


From the tree to the vulcanized article, the changes in the elastic properties 
of natural rubber are dependent on essentially second-order modifications of the 
parent polymer. Successfully in some ways, less so in others, rubber tech- 
nologists have learned empirically how to develop advantageous qualities and 
to prevent or minimize the undesirable ones. This empiricism is inevitable 
because the chemical reactions which produce the physical changes are so little 
understood. For example, vulcanization represents the conversion of the 
chainlike polymer into a cross-linked network, but the nature, number, and dis- 
tribution along the chain of the cross-links, and their variation with curing 
conditions and on subsequent aging are largely matters of speculation. In 
fact, one of the major impediments to scientific rationalization of rubber tech- 
nology is the inability to interpret common physical observations, e.g., on 
plasticity, state of cure, deterioration on aging, cracking, in terms of molecular 
structure. 

The main chemical attack on the problem in these laboratories has been 
based on the rigorous, but necessarily long-term, course of first resolving the 
chemistry of a particular process with the aid of model systems, whereby prod- 
uct analysis and identification can be firmly established, and then determining 
how rubber behaves when caused to undergo similar reactions in a controlled 
manner. In other words, attention has been directed to the atomic details of 
aging, vulcanization, etc., rather than to their significance in modifying polymer 
structure. Our purpose here is to lay emphasis on the latter approach, first by 
surveying briefly the main physical changes encountered in rubber technology, 
and then, stimulated by some very recent work on the nature and degradation 
of raw rubber, by tracing certain fundamental factors underlying these phe- 
nomena. 


THE POLYMERIC NATURE OF RAW RUBBER 


In contrast with the long-standing recognition that the basic rubber sub- 
strate is comprised of isoprene units, its very high molecular weight has only 
recently been fully accepted. Critical studies by Gee! nearly fifteen years ago 
finally established that raw rubber, as known in Europe, has a mean molecular 
weight of the order of 350,000. He also showed that the so-called sol fraction 
approximates more closely to a linear long-chain polymer than does the “gel’’, 
the insolubility of the latter reflecting a cross-linked structure rather than a 
greater degree of polymerization. The relevance of these molecular-weight 
studies to the rubber produced by the tree is obscured by the obvious changes 


* An original to Russer anD TECHNOLOGY from the British Rubber Producers’ 
Research oy ‘he paper was presented at Les Journées du Caoutchouc, organized by |’ tion 
yrenguse & es th. du — and la Société de Chimie Industrieile, at the French Rubber 

tute, Paris, June 24-29, 1953. 
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which occur on storage, and a prerequisite to assessing their overall significance 
was the extension of this work to fresh rubber. 

Notable work by Bloomfield? in Malaya has now done much to effect this 
extension and has produced some unexpected findings. First, the essentially 
hydrocarbon fraction isolated from freshly tapped latex (collected under condi- 
tions minimizing contact with oxygen and extraneous bacteria) has a mean 
molecular weight very much higher (by a factor approaching 10) than Gee’s 
value. Important changes evidently occur during the conventional coagulation 
and kindred processes and(or) storage. Some factors believed to contribute 
to these are considered in the next two sections. Second, the fresh hydrocarbon 
fraction is not homogeneous in physical form, but contains a substantial propor- 
tion (20-70 per cent, depending on clone and tapping conditions) of material 
not immediately soluble in benzene. This has been termed microgel, both to 
denote its difference from the ordinary gel fraction in readily giving a colloidal- 
like dispersion on shaking, and to express the similarity with a component of 
synthetic latexes in which cross-linking within the individual micelles is en- 
visaged*. The fundamental significance of this observation is that rubber in its 
original form can no longer be assumed to be a linear polyisoprene, reactions 
having occurred during its biosynthesis or storage in the tree to produce cross- 
linking. An important practical consequence is that this basic and variable 
heterogeneity prevents any direct correlation being established between the 
different physical properties of rubber which are usually taken as dependent on 
molecular size. Thus, the microgel content has little influence on the solution 
viscosity, but contributes to the hardness of the coagulated rubber. 

In summary, the so-called hydrocarbon component of natural rubber is a 


highly complex substance when it issues from the tree, both with respect to 
polymer type and size and, almost certainly, to chemical inhomogeneity. 


DEGRADATION OF RUBBER IN SOLUTION 


It is well known that solutions of rubber decrease in viscosity on standing at 
ordinary temperatures in the dark. This has commonly been associated with 
atmospheric oxidation. This view appears to be supported by the behavior 
of highly purified rubber and gutta-percha, where a parallelism can be traced 
between the rates and extents of oxygen absorption and decrease of viscosity‘. 
Consistently, the addition of an oxidation inhibitor or catalyst retards or ac- 
celerates both these changes to a comparable degree. 

With raw rubber, however, the situation is very different, and analogy with 
the oxidative scission of purified rubber is misleading®. Solutions of unpurified 
rubber degrade at almost the same rate in oxygen as in stringently evacuated 
systems, and oxidation inhibitors exert practically no stabilizing action (Figure 
1). Further, under certain conditions where degradation proceeds readily, no 
absorption of oxygen can be detected. 

The only acceptable conclusion consistent with all the experimental facts® 
is that some inherent feature of the rubber chain is responsible for an essentially 
spontaneous breakdown, which is largely immune from external environmental 
influences. This suggests that the basic rubber molecule, instead of being a 
uniform polyisoprene hydrocarbon, possesses a certain small proportion of 
“anomalous” bonds. Molecular weight measurements indicate that one such 
bond is, on the average, associated with about 10,000 isoprene units—further 
emphasizing that second-order structural features may be predominant in pro- 
ducing macroscopic physical changes. The identity of the odd bonds is very 


‘ 
P's 


POLYMERIC STRUCTURE OF RUBBER 


° w 


SPecific Viscosity — 


+e ts ts 


— Hours ar 100.9°C — 


Fia. 1.—Decrease of viscosity of 0.25 gram smoked sheet in 100 cc. chlorobenzene at 100.9° C in vacuo 
with pyrogallol, and with measured amounts of residual air present. 


<10- mm. O: + 0.1% Pyrogallol 


O—1.31 X 107? mm. Os: present 
@—8.54 X 107? mm. O: present 


difficult to specify, especially in view of their low energy content, but it is 
tempting to imagine that they represent fragments of functional groups or 
catalytic molecules concerned in the in vivo synthesis. 

These findings are not only of potential biochemical interest, but have im- 
mediate practical consequences as regards the control of degradation in solu- 
tions kept in the dark (to eliminate the other important factor, photochemical 
degradation). It is of secondary importance to take elaborate precautions to 
exclude oxygen and to add oxidation inhibitors. In fact, the only practical 
factor or control is temperature, which should be kept as low as possible to 
minimize the spontaneous changes. 


GELATION 


Rubber has a pronounced tendency to convert itself in part into an insolu- 
ble and not readily dispersible macrogel. The presence of microgel in freshly 
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isolated rubber shows that this tendency is even manifest as a natural phe- 
nomenon in the tree. Consideration of the conditions of formation of macrogel 
reveals a parallelism with the degradation occurring in solution. Thus, macro- 
gel formation is a nonoxidative process; it occurs readily at room temperature 
and, therefore, undoubtedly stems from a chemical reaction of low activation 
energy ; gelation and degradation proceed at comparable rates at temperatures 
of about 100° C; the degree of cross-linking in macrogel has been independently 
calculated* and approximates to the number of weak bonds present?; and the 
removal of the gelled fraction from rubber leaves a residue with a greatly re- 
duced spontaneous degradation. This comparison strongly suggests that the 
“anomalous” bonds thought to be the sites of the molecular scission during 
degradation in solution are also involved in gelation in solid rubber. 

The development of cross-linking in rubber on storage is of practical as well 
as theoretical interest. The increase of gel is paralleled by changes of Mooney 
viscosity and is, therefore, relevant to any quantitative description of proper- 
ties, e.g., in the technical classification of rubber. Unfortunately, no practical 
means for suppressing the process has yet been found. Its rate is retarded to 
some extent by absorbed water vapor (increase in gel content and Mooney vis- 
cosity increase being accelerated in a dry atmosphere) and is uninfluenced by 
molecular oxygen. Apart from these preliminary observations of Wren’ and 
Wood’, there is little information on this important topic either with regard to 
changes in polymeric structure or the nature of the basic chemical reactions. 


DEGRADATION OF RUBBER BY MASTICATION 


Plasticization by milling or mastication has for long been essential in the 
processing of raw rubber. While the basic purpose of breaking down the rub- 
ber molecules into smaller fragments is readily appreciated, the method by 
which this is achieved has only recently become more than indefinite hypothesis. 

Two apparently anomalous characteristics of the breakdown process have 
long proved difficult to explain. First, the efficiency of breakdown varies in a 
peculiar way with temperature (Figure 2). Second, the presence of oxygen is 
necessary for breakdown, but, at temperatures below 100° C, common oxidation 
inhibitors do not cause any appreciable retardation (Figure 3). A third fea- 
ture more recently apparent is that, among synthetic polymers, there is no cor- 
relation between rate of breakdown on cold milling and susceptibility to oxida- 
tion. 

Practically compelling evidence that the breakdown throughout the tem- 
perature range is not explicable by one type of degradation, but is a composite 
process represented by the curves (A) and (B) in Figure 2, has now been pre- 
sented*®. Curve (A) refers to degradation in which the primary step is a me- 
chanical tearing apart of the molecules. As the temperature of mastication is 
increased and the rubber becomes softer, the shearing forces decrease, and the 
efficiency of breakdown steadily diminishes until it becomes negligible at 
temperatures above about 120° C. Curve (B), on the other hand, refers to 
degradation which is an accompaniment of direct oxidation of the rubber, and 
only becomes appreciable at temperatures above about 100° C. Oxygen is 
normally necessary for both processes, but for quite different reasons: in the 
higher temperature process it is a prime reactant; in the lower temperature proc- 
ess it acts merely in a secondary sense to prevent the recombination of the 
broken fragments. Accordingly, the two processes respond distinctively to the 
presence of other substances. Thus, while oxygen plays an essential role in hot 
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Mooney Viscosity AFTER MASTICATION 


80 


— Temperature °C — 


Fie. 2.—Efficiency of plasticization vs. temperature of mastication. Mooney viscosities 
after 30 minutes’ tication in size-B Banbury. 


mastication, in cold mastication the presence of other substances able to react 
with the primary fragments should result in rubber degradation. Numerous 
compounds have been found to do so, with efficiencies which vary in a parallel 
manner with their power of reacting with substituted allyl free radicals. Anti- 
oxidants, as such, are without effect. The reverse situation should be en- 
countered in hot mastication, and this is strikingly illustrated for benzoquinone 
(a free-radical acceptor) and hydroquinone (an antioxidant) by the data pre- 
sented in Figure 3. 

The common function of free radical acceptors in interacting with the pri- 
mary ruptured fragments does not necessarily result in the formation of masti- 
cated products of similar properties. For example, thiophenol and other 
hydrogen-transfer agents yield a soft soluble mass, while chloranil and maleic 
anhydride yield a dry, largely insoluble crumb. Such differences arise from the 
reactivity of the secondary product formed by reaction with the radical ac- 
ceptor. With thiophenol, it is reasonable to assume that the primary hydro- 
carbon radicals merely abstract the mercapto-hydrogen atoms and thus produce 
a lower molecular-weight material, identical otherwise with the original rubber; 
with chloranil and maleic anhydride, secondary radicals are probably formed 
additively, and these have a great tendency to stabilize themselves by reacting 
with neighboring rubber chains to give cross-linked structures. 

By the use of various additives, it is possible in this way to convert a linear 
polymer into a branched or cross-linked modification at will. Since the par- 
ticular physical advantages of these different structures for certain purposes is 
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beginning to be recognized, this technique is potentially important in develop- 
ing the versatility of natural rubber as a high polymeric raw material. Further- 
more, we believe that the principle of fixation of radical acceptors during me- 
chanical treatment is a factor in carbon black reinforcement, and also perhaps 
in physical effects such as cracking and tearing. 

PAlthough the atomic details of mastication in the “cold” and “hot” temper- 
ature regions are different, the polymeric consequences are similar. This is 
because both mechanical and oxidative chain scission occur at random along 
the rubber chain and, under normal conditions, the ruptured fragments are 
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Fie. 3.—Mastication of rubber in air and nitrogen, with and without 
added chemicals at 55° and 140° C, 
Solid lines tication under nit 
Dash lines—mastication in air. 
—with benzoquinone added. 
w —with hydroquinone added. 


stabilized without further reaction with other rubber chains. Hence, rubber 
degraded to the same extent by either process possesses the same distribution 
of chain lengths. This can be confirmed by making measurements depending 
differently on the distribution of chain lengths; for example (cf. final section), 
the relationship between Mooney and intrinsic viscosity of masticated rubbers 
is independent of the type of mastication (Figure 4). 


VULCANIZATION 


The profound changes in elastic and solubility properties shown by rubber 
on vulcanization denotes some characteristic alteration in polymer structure. 
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Although chemical details are only now beginning to be resolved, three distinct 
lines of evidence establish that the essential function of vulcanization is to 
convert the mixture of mainly linear molecules into a network-aggregate held 
together by primarly valency cross-links. First, a quantitative description of 
rubber elasticity, swelling, and related properties has been founded on this 
model”; second, conditions disrupting a rubber vulcanizate also degrade model 
substances containing sulfide linkages; third, the subjection of simple analogs 
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Fia. 4.—Uniform relationship between Mooney and intrinsic viscosity independent of the temperature or 
extent of mastication. Mastication for 30 minutes in air at the recorded temperatures. 


of rubber to vulcanizing conditions produces molecular coupling. Particularly 
convincing evidence of the third type is the relatively simple coupling reactions 
of dialkyl peroxides and their derivatives with monomeric olefins and the pro- 
duction of good rubber vulcanizates under the same conditions". Also, the 
ready noncoupling reactions of monothiols with olefins and the corresponding 
nonvulcanizing of rubber are to be compared with the coupling reactions of 
dithiols with olefins and corresponding production of rubber vulcanizates'?. 
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The physical properties developed depend primarily on the polymeric 
structure, i.e., on the degree and distribution of cross-links rather than on their 
nature. All vulcanizing methods, independent of their chemical character, 
effect cross-linking at random along the polymer chains, and so the polymeric 
configuration of all vulcanizates at the same degree of cross-linking should be 
identical. For this reason, a wide range of vulcanizing procedures gives prod- 
ucts with merely second-order differences of physical properties at equivalent 
extents of cross-linking. 

On the other hand, the reverse is true of the chemical properties of vulcani- 
zates. Due to the wide variation in coupling units and the residual chemicals 
present, sulfur vulcanizates show substantial differences of rates of reactions, 
such as thermal oxidation. However, in the same way that the mechanism 
of vulcanization and its rate do not influence the polymeric configuration at an 
equivalent extent of cross-linking, thermal aging of vulcanizates to the same 
extent produces comparable deterioration in physical properties. 


CHAIN-LENGTH DISTRIBUTIONS 


The chemical reactions underlying the synthesis, degradation, and other 
modifications of long-chain molecules usually involve the monomer units and 
polymeric chains in a random manner and, therefore, the structure of the final 
product is determined according to statistical principles. The distribution of 
chain lengths of the molecules comprising the polymer on synthesis and subse- 
quent degradation can then be evaluated statistically, as can the distribution of 
cross-links on vulcanization. In this section we direct attention to the forms 
of distribution functions which characterize polymer structure quantitatively. 

These distribution functions are of much more than theoretical interest. 
Knowledge of their value is essential for a detailed interpretation of many of the 
physical properties and consequences of chemical reactions of rubber and re- 
lated polymers. For example, the solution viscosity is disproportionately de- 
pendent on the molecules of longer chain-length, and information on the rela- 
tive amounts of the molecules of different chain-length is, therefore, necessary 
for correlating viscosity measurements with polymer composition. As an il- 
lustration of dependence of the consequences of chemical reaction on polymer 
structure, we may consider the vulcanization of a mixture of very short and 
very long chains; the former are likely to escape cross-linking entirely, whereas 
in a material of the same average molecular weight but composed of molecules 
of uniform chain-length, the same degree of cross-linking is likely to bind all the 
chains into the network. In the above and similar cases, only after both the 
dependence of a physical property on chain length and the actual chain-length 
distribution are known, is it possible to obtain quantitative and predictable 
correlations. 

In the case of natural rubber, fractional precipitation and other direct 
methods have shown that it is composed of molecules of a wide range of chain 
lengths. The data are too qualitative for deriving the chain-length distribu- 
tion, and in view of the insolubility and colloidal nature of part of the rubber 
and the presence of different chemical species, it is unlikely that direct methods 
will yield exact information within the near future. Accordingly, it seems more 
advantageous at present to utilize the probable distribution functions discussed 
below in practical problems wherever the dependence of the relevant physical 
properties on chain-length is known. Correlation of predicted and experimen- 
tal results then affords a test of the calculated distribution functions. For 
example, the distribution functions for masticated rubbers predict a linear rela- 
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tionship between the logarithms of the number-average and viscosity-average 
molecular weights, of slope a of the Houwink-Mark equation, 7 = KM*. 
Chain-length distribution on polymer formation.—Under a wide range of 
conditions, the chain-length distribution functions on formation of nonbranch- 
ing polymer chains by polycondensation, ionic, and free-radical polymerizations 


are described by: 
N./N = Be~* (1) 


where N, is the number of chains of length z monomer units, N is the total num- 
ber of chains, and £ is the reciprocal of the average chain length". 
When branching occurs during or after polymer formation, the distribution 


of chains is given by: 
N./N = (6 + ye" (2) 


where N, now includes chain-lengths between molecular ends and cross-links, 
and between cross-links, as well as free molecules, and y is the fraction of 
monomer units containing cross-links. 

Function (1) thus appears to be applicable to elastomers where branching is 
negligible and function (2) where it is appreciable. Natural rubber may then 
be considered as represented by (2) with 8 and y of the order of 107. 

Figure 5 gives a physical picture of rubber according to Equation (2). In 
relative number of chains, there is a preponderance of those of shorter chain 
length. In relative weight fractions, by contrast, a maximum is present at the 
average chain-length value. Even qualitatively the shapes of these number 
and weight fraction curves are useful in considering various polymer character- 
izations. For example, the large number of short chains necessitates in os- 
mometry a membrane impermeable to chains much shorter than the average 
chain length. Again, the weight fraction curve indicates which middle fraction 
is likely to have the least variation of chain length, for direct application in 
fractionation. 

Chain-length distribution on mastication.—Elastomers are readily classified 
according to their behavior on mastication into four classes: (1) initially linear 
chains which are degraded to shorter linear chains, ¢.g., gel-free natural rubber 
and Neoprene WRT: (2) branched chains which are degraded without further 
branching, ¢.g., most samples of natural rubber; (3) linear chains which become 
brariched as well as degraded, e.g., polybutadiene: and (4) branched chains 
which undergo degradation and further branching, e.g., acrylonitrile copoly- 
mers. Statistical analysis'® leads to distribution functions after mastication 
for these four cases, which are only modifications of Equations (1) and (2). 
(This result is to be expected as almost the same statistical conditions apply.) 

Class (1) includes the cold and hot milling of elastomers, whereby the rup- 
tured ends are stabilized without interaction with other rubber molecules. At 
an extent of degradation represented by a, defined as the fraction of monomer 
units at which rupture has occurred, the distribution after mastication is given 


by: 
Nz,/N = (a + B)e~@*# (3) 
=ae* when (4) 


An interesting special case is for total recombination of ruptured ends, when an 
equilibrium distribution given by Equation (1) is obtained independent of the 
initial chain-length distribution, thereby providing a means of obtaining a 
material of known distribution from one of unknown initial distribution. 
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As stated above, natural rubber appears to exemplify a polymer conforming 
initially to Equation (2) and on ordinary mastication not becoming further 
branched (class 2). Its distribution function after mastication is: 


Nz,/N = @ +B + (5) 


As degradation proceeds, the term 8 becomes progressively less important as a 
increases. The rapid dissolution of the gel fraction on light milling suggests 
that the branching links are preferentially ruptured with little overall break- 
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Fie. 5.—Distribution of chain lengths of raw and vulcanized rub ber according to Equations (2) and (6) 
Scales id Fefer to raw rubber with B and both of value 
ordinate and abscissa refer to a vulcanizate with y of 1 


down, i.e., y also decreases. On mastication, then, rubber rapidly passes from 
a distribution represented by the more general Equation (5) to forms (3) and 
(4), both of which are formally identical with Equation (1). 

When a linear polymer undergoes both degradation and branching on 
mastication (class 3), the chain-length distribution changes from function (1) 
to function (5). In this case, a is the extent of degradation and y the amount 
of accompanying cross-linking on mastication. The relative magnitudes of a 
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and ¥ determine the physical state of the masticated rubber. When a is large 
compared with +, the elastomer is apparently degraded to the soluble product 
found for noncross-linking, and the influence of y is only observed by more 
detailed measurement. For example, natural rubber with addition of aniline, 
n-butyramide, or benzoyl] peroxide still remains soluble after milling, but these 
rubbers do not show the Mooney-intrinsic viscosity relationship of Figure 5 
typical of linearly degraded rubber®. On the other hand, when y increases more 
rapidly than a, cross-linking is favored, compared with degradation. It is 
characteristic of all cross-linking processes that the binding of molecules into 
network structures proceeds with almost discontinuous change in rate after a 
certain critical value® of y. Hence, as expected, mastication frequently pro- 
duces a high proportion of the rubber as a cross-linked network and, in these 
cases, the proportion would be still greater except for the preferential action of 
shearing forces on these relatively large structures. This has been observed on 
milling natural rubber with chloranil, maleic anhydride, and dithiols, and on 
milling high molecular-weight GR-S and alfin polybutadiene in nitrogen. 

Similar considerations apply to the last class (4) of elastomers, initially 
cross-linked and cross-linking on mastication. The observable plasticizing 
and solubilization on mastication with, for example, stored Neoprene, is ex- 
plicable by the predominance of a over y. Conversely, increased insolubiliza- 
tion of some GR-S branched copolymers on mastication with a deficiency of 
“peptizer” (strictly, a radical acceptor) is a case where the value of y is more 
important than a. 

Chain-length distribution on vulcanization.—In its effect on polymer con- 
figuration, vulcanization is a further extension of the cross-linking occurring 
during polymer formation or mastication. Since normal vulcanizates are 


cross-linked every few hundred monomer units in chains of several thousand 
units, the term y, now representing degree of vulvanization in Equation (5), is 
much larger than a + 8, representing reciprocal of average chain-length of the 
cross-linked molecules. The distribution within the vulcanized network is 
then: 


N./N = ye (6) 


where N, is mainly chain-length z between cross-links. Since y makes other 
terms unimportant, Equation (6) is then a general distribution function for 
chain lengths in all vulcanized products. Equation (6) is mathematically 
identical with Equation (2). A similar physical picture of lengths of chain 
segments then applies. With the indicated change in ordinates, Figure 5 also 
represents number and weight fractions at various chain lengths for a vulcani- 
zate. 

Subsequent random degradation of the network, as in several types of aging, 
reintroduces a term a: 


N./N = (a + y)e~@** (7) 


where a is now the extent of aging. Equation (7) expresses quantitatively the 
conclusion that aging by random processes leads to a similar change of proper- 
ties at the same extent of breakdown, independent of the process or rate of 
aging. This does not cover the important case of ozone degradation, the 
effects of which are macroscopic, and not random in the molecular sense re- 
quired in the above treatment. 

Determination a, 8, and y.—In all these equations, which quantitatively de- 
scribe network structure from the formation of the elastomer to the degradation 
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of its vulcanizate, there are at most three parameters a, 8, and y requiring 
evaluation. Determination of these is, therefore, an immediate problem. For 
linear polymers, 8 is by definition the reciprocal of the number average chain 
length. After degradation to an extent a, the number average chain length is 
now 1/(a + 8). These two quantities can, therefore, readily be determined 
from number-average molecular weights obtained by osmotic methods. Other 
average chain length measurements can also yield these quantities, e.g., the 
weight average chain lengths before and after mastication are 2/8 and 2/(a + 
8), and the viscosity averages 1/8. + 2)”* and 1/(a+ 8). + 
respectively, where a is the exponent in the modified Staudinger equation, 7 = 
KM*+ 


The determination of quantities, including the extent of cross-linking, vy, 
has not yet been satisfactorily resolved. There are three types of cross-linking 
systems for which can be determined, (1) when cross-linking is sufficiently low 
to give a wholly soluble polymer, (2) when sol and gel are both present in meas- 
urable amounts, and (3) when the elastomer is almost wholly as an insoluble 
network. Most attention has been directed, with partial success, to the third 
type. This includes normal vulcanizates, for which the molecular weight be- 
tween cross-links, M., is equal to m/v, where m is the molecular weight of the 
monomeric unit. M, can, in principle, be determined from stress-strain or 
swelling properties and, consequently, is subject to the inadequacies of elastic- 
ity theory and still awaits a more direct measurement of number of cross-links. 
The onset and amount of gel has been utilized in the classic work of Flory on 
polycondensation, and, where applicable, probably gives a more reliable value 
of y than is obtained with the complete network. No investigations have been 
made of completely soluble cross-linked systems. These last seem to offer 
some simplifications over the other systems in that the fundamental average 
molecular weights can be determined for the whole system before and after 
cross-linking. 

There is a great need of an absolute standard method of producing a known 
degree of cross-linking, y or M,, in particular for a check and calibration of 
elasticity measurements. Cross-linking agents, e.g., diazodicarboxylates'®, 
have been claimed to give quantitative cross-linking, but no satisfactory chemi- 
cal evidence is yet available. For quantitative cross-linking, peroxide vul- 
canization appears attractive, both from the chemical viewpoint, and the 
ready production of cross-linked products of the above three types, enabling 
several different methods of cross-linking to be applied. 
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The recent studies! which have established the fact that a,6-unsaturated 
ketones of the benzalacetophenone type copolymerize readily with butadiene 
have led to a study of derivatives of cinnamic acid. A number of papers and 
patents cover copolymerization of cinnamaldehyde’, cinnamic acid’, cinnamic 
esters‘, cinnamonitrile and derivatives®, and esters of 8-(a-furyl)-acrylic acid® 
under a variety of conditions, but none of these references give detailed de- 
scriptions of the products. Hence a further examination of the copolymeriza- 
tion behavior of these monomers seemed desirable. 

Cinnamaldehyde copolymerizes with butadiene in free-radical-initiated 
emulsion systems using a variety of initiators. In general the copolymer con- 
tained a little less cinnamaldehyde than did the monomer mixture used in the 
preparation. Copolymers of cinnamaldehyde with acrylonitrile and isoprene 
were readily obtained in the Mutual recipe’, but no copolymer was obtained 
with methyl methacrylate or vinyl acetate. Ina bulk system, cinnamaldehyde 
polymerized with methyl vinyl ketone. No homopolymer of the aldehyde 
could be obtained in a variety of experiments. Copolymers from mixtures con- 
taining 90 parts of butadiene and 10 parts of cinnamaldehyde were prepared for 
evaluation rubbers in the azobisisobutyronitrile-initiated modification of the 
Mutual recipe at 50° C and in the cumene hydroperoxide recipe at 0° C. The 
compounded and cured polymers had stress-strain properties much like GR-S 
and, in addition, had improved low-temperature properties. 

Cinnamic acid did not yield a homopolymer in any solution or emulsion sys- 
tem which was tried. It gave copolymers with styrene and butadiene in acid- 
side emulsion systems initiated by azobisisobutyronitrile. The copolymers 
produced at 55 to 60 per cent conversion all contained less of the acid than did 
the monomer mixtures from which they were prepared. The copolymer pre- 
pared from 85 parts of butadiene and 15 parts of cinnamic acid was compounded 
and cured. It had outstanding tensile (up to 5360 pounds per sq. in.) and low- 
temperature properties (710 — 65° C; T100 — 72.5° C; freezing point — 72° C), 
although in temperature-retraction tests it showed a tendency to crystallize. 
The introduction of the carboxyl group did not have the expected effect of im- 
proving the oil resistance of the copolymer’. 

The homopolymerizations of methyl and ethyl cinnamate have been re- 
ported®. Methyl cinnamate has yielded copolymers with styrene, isoprene, 


* Reprinted from Industrial and Engineering Chemistry, Vol. 45, No. 10, pages 2311-2317, October 1953. 
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and butadiene in the Mutual recipe, but with acrylonitrile under the same condi- 
tions the product appeared, by elemental analysis, to be polyacrylonitrile. 
Copolymers of butadiene (90 parts) and ethyl cinnamate (10 parts), and methyl 
cinnamate (10 parts), were evaluated as rubbers. The copolymer of the ethyl 
ester had stress-strain properties essentially equal to GR-S, as well as excellent 
low-temperature properties (710 — 62° C; T100 — 68° C; freezing point — 67.5° 
C). The hysteresis values were inferior to those of GR-S. The methyl ester 
copolymer was very similar in properties to the ethyl ester. The hysteresis was 
slightly better than for the ethyl ester copolymer but still lower than for GR-S. 

trans-Cinnamonitrile did not homopolymerize under any conditions tried. 
It gave a copolymer with methylvinyl ketone in bulk polymerization and it co- 
polymerized with methyl methacrylate, butadiene, and isoprene in the Mutual 
recipe. A mixture of the cis- and trans-isomers produced by decarboxylation 
of a-cyanocinnamic acid" did not give satisfactory results in polymerization 
experiments, and it is believed the cis-isomer is an inhibitor. The copolymer 
from butadiene (90 parts) and trans-cinnamonitrile (10 parts) did not equal 
GR-S in tensile strength or hysteresis. It had rather good low-temperature 
properties but showed more tendency to crystallize than did GR-S. It was 
somewhat surprising to find that this nitrile copolymer had poorer oil resistance 
than GR-S. 

Some preliminary experiments were carried out on the copolymerization of 
butadiene with ethyl a-cyano-8-phenylacrylate (I), methyl a-cyano-8-phenyl- 
acrylate (II), a-cyano-8-phenylacrylic acid (III), a-cyano-§-(a-furyl)-acrylic 
acid (IV) and its ethyl ester (V), 8-(a-furyl)-acrylic acid (VI), ethyl B-(a-furyl)- 
acrylate (VII), and 6-(a-furyl)-acrylonitrile (VIII). 
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All of these except (IV) and (V) copolymerized, but none of the polymers 
seemed to show interesting properties as elastomers. Copolymers also were 
obtained from (I) with styrene and from (II) with methylvinylketone. 

In all of the copolymerizations studied, the entrance of the a,6-unsaturated 
component into the polymer was established by infrared data on the copolymer. 

When the copolymerization was carried out using compounds that contained 
an element other than carbon, hydrogen, or oxygen, the analysis of the copoly- 
mers produced was simple, since ordinary elemental analysis could be used. - 
For example, in copolymers of cinnamonitrile it is only necessary to have a 
nitrogen analysis to determine the nitrile incorporation in the product. How- 
ever, because elemental analysis is not sensitive enough for use with other 
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monomers, the development of an alternative method became necessary. 
Investigation showed that quantitative ultraviolet absorption analysis was not 
feasible because the saturated analogs (hydrocinnamaldehyde, hydrocinnamic 
acid, ethyl hydrocinnamate, and methyl hydrocinnamate) which were used as 
standards fluoresce, when irradiated with light, in the region where pheny] ab- 
sorption occurs. A method involving the use of infrared absorption was there- 
fore developed. 

All infrared determinations were made on a Perkin-Elmer Model 12-C in- 
frared spectrophotometer, using 1.0-mm. potassium bromide cells at a slit 
width of 0.062, except that of ethyl a-cyanohydrocinnamate, which was made in 
a 0.305-mm. sodium chloride cell. The measurements were carried out on the 
absorption maxima caused by the presence of carbonyl groups, and the satu- 
rated analogs of the monomers were used for the standards. 

The procedure employed was as follows. A stock solution of from 60 to 80 
mg. of the proper standard in 10 cc. of reagent-grade chloroform was prepared. 
One-cc. portions of this solution were then diluted with varying amounts of 
chloroform, to make a series of solutions of varying concentrations. The trans- 
mittance of these solutions was then determined in the carbonyl region, and the 
logarithms of those values were plotted against the concentrations in milligrams 
per milliliter. 

The sample for analysis was prepared by covering 0.4000 to 0.6000 gram of 
the thrice-reprecipitated copolymer with 50 cc. of chioroform (from the same 
bottle that was used to make up the standard solutions) in a small glass- 
stoppered flask. This was allowed to stand until solution was complete, about 
24 hours, and the transmittance of the solution in the carbonyl region was de- 
termined, using the same cell that had been used for the standards. The 
monomer incorporation was then determined by referring to the calibration 
curve and dividing the value found by the amount of copolymer placed in 
solution. 

As a typical example, the details of the quantitative infrared analysis for 
the incorporation of ethyl cinnamate in a series of butadiene-ethyl cinnamate 
copolymers are given in Tables I and II. In Table I are found the data for the 
model compound used as the standard, and, Table II the corresponding data for 
the copolymer. 

The absorption of the standard, ethyl hydrocinnamate, followed Beer’s law, 
the graph of log T against concentration being essentially linear. This graph 
was then used to convert the experimentally observed 7' values for the copoly- 
mer to concentration of the ester moiety, ali aie (fourth and fifth 


| 
COOC:H; 
TaBLe I 
QUANTITATIVE INFRARED ABSORPTION Stupy* or HypRociNNAMATE? 


Concentration 
T =I/Io 


0.853 
Pure solvent 


@ In ester carbonyl region; maximum absorption occurred at 1729 cm.~!; cell 1.0 mm.; slit 0.062 mm. 
6 In chloroform solution. 


be 
4.26 0.104 ae 
2.84 0.206 
2.13 0.248 
1.90 0.309 
03 
385 
0.497 
0.725 
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Tasie II 


QuaNnTITATIVE INFRARED ABSORPTION Stupy* or 
CINNAMATE COPOLYMERS 


Copolymer Ester 
n- concn. concn., 
version (mg./cc.) T =I/Io (mg./ce.) 


59.7 10.1 0.517 0.77 
61.0 . 10.5 0.436 1.15 
66.0 7.66 0.454 1.06 


« Under identical conditions and with same solvent as in ethyl hydrocinnamate study of Table I. 


columns of Table II). The correction factor 176/178, to compensate for the 
difference in molecular formula between the cinnamate and hydrocinnamate, 
was less than the infrared precision (+3%), and so was neglected. ' 

Comparison of the charge ratio with the per cent of comonomer incorpora- 
tion affords information as to the relative rate at which each monomer enters the 
chain. The incorporation of cinnamaldehyde, cinnamic acid, cinnamonitrile, 
ethyl cinnamate, and methyl cinnamate was in each case less than the concen- 
tration of that particular monomer in the original charge ratio, from which it is 
concluded that, in these cases, butadiene enters the copolymer chain at a faster 
rate than the other monomer. The situation is reversed, however, in the case 
of butadiene-ethy] a-cyano-8-phenylacrylate. 

The results of these analyses are listed in Table IIT. 

These data do not permit accurate calculations of reactivity ratios", but do 
indicate little tendency for alternation of monomer units such as occur with 
maleic anhydride", except possibly in the case of ethy] a-cyano-$-phenylacry- 
late. 


EXPERIMENTAL WORK 


Materials.—Research grade butadiene was used throughout this work. 
Acrylonitrile, cinnamaldehyde, cinnamic acid, ethyl cinnamate, methy] cinna- 


III 
CoMONOMER INCORPORATION IN COPOLYMERS WITH BUTADIENE 


Absorption 
maxima, 


ratio, 
Nonbutadiene butadiene/ 
monomer, X x 


Cinnamaldehyde 


Cinnamic acid 


— 


‘Cinnamonitrile 


Ethy] cinnamate 


Methy] cinnamate 


NONANN 


Ethy] a-cyano-f- 
from nitrogen analyses. 


336 
Charge 
ae ratio, % Ester 
butadiene/ 
ion 
90/10 7.6 
Ae 80/20 15.9 
aad 
Charge 
90/10 1729 
85/15 1729 
80/20 1729 
90/10 1715 
85/15 
80/20 
90/10 1729 
80/20 1729 
85/15 1736 
80/20 1736 1 
90/10 
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mate, isoprene, methyl methacrylate, styrene, vinyl acetate, and azobisiso- 
butyronitrile were obtained on the market and carefully purified before use. 
trans-Cinnamonitrile was prepared by the method of Plaut and Ritter’ and 
the portions used boiled at 94-97° C (0.4 mm.) ; n$ 1.6031. a-Cyano-8-phenyl- 
acrylic acid, melting at 180° C, was prepared by a method described'®. a-Cyano- 
B-(a-furyl)-acrylic acid, melting at 218° C, was prepared in 84.1 per cent yield 
by a strictly analogous method. Ethyl a-cyano-8-(a-furyl)-acrylate, melting 
point 92° C, was prepared by the method of Bechert'*. Ethyl 6-(a-furyl)- 
acrylate, melting point 24° C, was prepared by the method of Posner'’. Ethyl 
a-cyano-f-phenylacrylate, melting point 49.9° C, was prepared by published 
directions'*. Ethyl and methyl] hydrocinnamates were prepared by the pro- 
cedure of Erlenmeyer’. Methyl a-cyano-8-phenylacrylate, melting point 
87-89° C, was prepared by the method of Carrick”. Ethyl a-cyanohydrocinna- 
mate was prepared by the reduction with hydrogen, in the usual manner, of 
20.1 grams of ethyl a-cyano-8-phenylacrylate in 100 cc. of 95% ethanol over 
0.20 gram of platinum oxide catalyst at room temperature at a pressure not 
are 50 pounds per sq. inch. The product boiled at 132° C (1.2 mm.); 
% 1.5108; yield 16.8 grams. 


Anatysis. Calculated for CizHi;0:N. C, 70.94; H, 6.45 
Founp. C, 71.54; H, 6.29 


TaBLe IV 
CoPOLYMERIZATION OF BUTADIENE AND CINNAMALDEHYDE 


Con- Benzene 
Modifier Temp: Time version solubility Inherent 


(g.) 
A. Mutual recipe with potassium persulfate initiation 


(hours) (%) (%) viscosity 


DO 


SSSssssss 


tual recipe with azobisisobutyronitrile initiation 


39 
65 


C. Cumene hydroperoxide recipe 


50 
52 
60 
44 
46 
67 


WNONWW 


95/5 94 60 73 
95/5 51 47 100 Pes 
90/10 53 24 100 
90/10 21 60 100 ie 4 
85/15 16 50 87 
80/20 1748 80 
75/25 17 47 71 ak 
70/30 16 53 80 eg 
90/10 18 91 Insol. 
90/10 16 60 91 ee 
90/10 18 53 95 
90/10 18 59 91 Vos 
85/15 17 38 92 et 
85/15 15 60 87 he 
93 
80/20 15 84 
90/10 
90/10 
90/10 
85/15 
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TaBLE V 


CoPOLYMERIZATION OF BUTADIENE AND CINNAMIC ACID 
(Acid-side recipe with azobisisobutyronitrile initiation at 50° C) 


Charging Initiator Modifier Time version bilit; vis- 
ratio (g.) (g.) (hours) (%) (% cosity 
90/10 0.01 050 16 47 99 


0 

0.02 0. 
0 
0 


0: 


Polymerization Recipes.—The Mutual recipe’, the azobisisobutyronitrile- 
initiated Mutual recipe', and the 0° C cumene hydroperoxide recipe” were used 
as described before. 

An azobisisobutyronitrile-initiated acid-side recipe of the following type” 
was employed in the copolymerization of cinnamic acid and the other unsatu- 
rated organic acids employed in this work with butadiene. 


Monomers (total) ) 20.0 
Azobisisobutyronitrile (gram) 0.02 to 0.06 
Water (boiled to remove oxy- s 


gen) (cc.) 

MP-635-S (a sodium Ci¢ alkane- 
sulfonate mixture) (cc.) 2.0 

Technical dodecanethiol (gram) 0.025 to 0.100 


TasBLe VI 
CoPOLYMERIZATION OF BUTADIENE AND trans-CINNAMONITRILE 
Con- Benzene 

Temp. Time version solubility Inherent 
(°C) (hours) "(%) (%) viscosity 


95/5 0.060 0.050 30 47 12 100 1.2 
95/5 0.060 0.050 30 72 40 100 1.6 
90/10 0.060 0.050 50 22 80 Insol. 
85/15 0.060 0.050 50 24 67 94 2.1 
80/20 0.060 0.050 50 24 61 81 2.5 
75/25 0.060 0.050 30 72 59 68 1.8 
70/30 0.060 0.050 30 90 67 70 2.0 
B. Mutual recipe with azobisisobutyronitrile initiation 
90/10 0.02 0.050 50 13 51 95 1.6 
90/10 0.04 0.050 50 13 63 96 2.6 
85/15 0.04 0.025 50 12 50 87 2.6 
85/15 0.04 0.050 50 12 60 97 2.2 
80/20 0.04 0.050 50 12 61 89 1.7 
80/20 0.04 0.025 50 12 54 89 3.9 


C. Cumene hydroperoxide recipe 


90/10 0.04 0.025 0 12 60 97 3.4 
90/10 0.04 0.075 0 12 66 96 3.5 
90/10 0.04 0.150 0 8 56 90 1.8 
85/15 0.04 0.025 0 8 59 90 2.1 
85/15 0.04 0.075 0 8 63 86 1.6 ‘ 
80/20 0.04 0,025 0 8 63 96 1.8 


Benzene 
aes Con- solu- Inherent 
a” 
O20 5 61 
} ae 90/10 050 15 54 100 1.5 
s 85/15 050 15 75 100 1.6 
ae 80/20 0.02 0.050 15 57 100 1.8 
80/20 0.050 15 65 100 1.1 
Charging 
Bee ae A. Mutual recipe with potassium persulfate initiation : 
2 
Wee 
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Butadiene Copolymers.—The copolymerizations with butadiene of the vari- 
ous a,8-unsaturated compounds were carried out in the standard manner and 
the polymerizations and products are listed in Tables IV to IX. In each of 
these tables the charging ratio is the weight ratio of reactants, butadiene to 
comonomer; the initiator is specified in the recipe and the modifier is technical 
dodecanethiol ; temperature and time refer to the polymerization process; con- 
version is the yield of copolymer; and solubility and viscosity are those of the 
copolymer. 

The copolymers of butadiene and cinnamaldehyde listed in Table IV were 
examined in the infrared and all showed the carbony! band characteristic of the 
aldehyde group at 1729 cm.~'. 

Infrared showed absorption at 1700 cm.~ characteristic of the carboxyl 
group, which confirmed the presence of the cinnamic acid in the copolymer 
(Table V). 

The copolymers prepared with trans-cinnamonitrile showed absorption at 
2248 cm.~', confirming the presence of the nitrile group (Table VI). 

The ethyl cinnamate copolymers showed absorption bands at 1736/¢m.“ 
characteristic of the ester carbonyl group (Table VII). 


Tasie VII 
CoPOLYMERIZATION OF BUTADIENE AND EruyL CINNAMATE 
Con- Benzene 


Time version solubility Inherent 
(hours) (% (%) viscosity 


Cc i Initiato: Modifier T 


A. Mutual recipe with potassium persulfate initiation 


95/5 , 94 80 67 
90/10 50 76 98 
85/15 } 48 60 86 
80/20 49 72 90 
75/25 i 49 76 76 
70/30 i i 64 90 80 


B. Mutual recipe with azobisisobutyronitrile initiation 
90/10 0.01 50 
90/10 0.02 50 
90/10 0.04 k 50 
85/15 0.02 50 
80/20 0.02 50 


C. Cumene hydroperoxide recipe 


90/10 57 
90/10 : ; 58 
90/10 47 
90/10 59 
85/15 : ; 65 
80/20 : 73 


The methyl cinnamate copolymers showed absorption at 1733 em.~, which 
is characteristic of the ester group in the saturated model compound (Table 
VIII). 


| 

| 

| 

| 

| 

2.6 | 
14 
2.2 
1.8 
2.0 
2.7 
3.5 
3.1 
32 
2.6 

91 4.0 
97 33 
8 30 
9 
97 19 a 
8 26 
17 
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Tasie VIII 
CoPpoLyMERIZATION oF BUTADIENE AND CINNAMATE 


Charging Initiator Modifier T 
emp. e u 
ratio (hours) “(%)  (%) 
A. Mutual recipe with potassium persulfate initiation 

95/5 . 0.050 30 72 75 90 

90/10 i 0.050 30 50 60 100 

85/15 ; 0.050 30 48 53 82 

70/30 i 0.050 30 57 81 76 


B. Mutual recipe with azobisisobutyronitrile initiation 
90/10 0.02 0.025 50 10 56 97 
85/15 0.02 0.025 50 1l 65 90 
85/15 0.02 0.050 50 10 63 
80/20 0.02 0.025 50 10 66 


. Cumene hydroperoxide recipe 
90/10 47 
90/10 48 
85/15 63 
85/15 67 
80/20 J 65 


These copolymers gave characteristic carbonyl absorption at 1738 cm.~! 
and nitrile absorption at 2240 cm.-! (Table IX). 


EVALUATION OF BUTADIENE COPOLYMERS AS RUBBERS 


Large samples (250 grams or more) of copolymers of butadiene with cinna- 
maldehyde, cinnamic acid, cinnamonitrile, ethyl cinnamate, and methyl cinna- 
mate have been evaluated as rubbers. They were cured in the tread-stock 
recipe and carcass-stock recipe listed below, and the stress-strain, low-tempera- 


Taste IX 


CoPOLYMERIZATION OF BUTADIENE AND a—CyaNno-6- 
PHENYLACRYLATE 


Charging _Initiato Modifier Ti 
A. Mutual recipe with potassium persulfate initiation 
52 100 
37 100 
47 93 
52 82 
44 89 
58 88 


B. Mutual recipe with azobisisobutyronitrile initiation 
0.01 0.025 50 21 75 100 
0.01 0.050 50 17 48 93 


a 340 
> = 
2.3 
3.7 
1.6 
3.3 
ne 
94 3.2 
95 2.4 
= 94 3.5 
= 95 2.0 
97 3.2 
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90/10 1.6 
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ture, oil-resistance, and hysteresis properties were determined by standard 
testing procedures”. 


Tread stock recipe Carcass stock recipe 


Polymer Polymer 100 
EPC black Statex 93 30 
Zine oxide Red lead 2.5 
Sulfur Circosol 2H 20 
Altax J Sulfur 2 
Altax 1 


The cinnamaldehyde-butadiene copolymer prepared in the Mutual recipe 
(azobisisobutyronitrile initiated) showed a somewhat low tensile strength in 
the tread-type recipe. Its low-temperature properties were very good but its 
oil resistance was no better than that of GR-S. The sample prepared in the 
cumene hydroperoxide recipe had a high Mooney viscosity. It showed good 
low-temperature properties and not too much tendency to crystallize, but its 
oil resistance was poor. The hysteresis values were not improved over those of 
high-viscosity GR-S. 

The cinnamic acid-butadiene copolymer had outstandingly good tensile 
strength and low-temperature properties. However, the temperature-retrac- 
tion tests showed a tendency toward crystallization. Its oil resistance was 
rather poor and the hysteresis values were slightly lower than those of standard 
GR-S. 

The cinnamonitrile-butadiene copolymer (Mutual recipe, azobisisobutyroni- 
trile initiated) had a relatively high Mooney viscosity. Its low-temperature 
properties were good, but it showed a tendency toward crystallization. Its oil 


resistance was poor and its hysteresis values were slightly lower than those of 
standard GR-S. 


TasLe XII 
Srress-Strain Data at 77° F. 
(Tread-type recipe) 


277 252 
300% modulus 
(Ib./sq. in.) 


274 
1820 
2110 
2460 
2400 
2640 
Tensile stren 5360 
(Ib./sq. in. 5370 
4910 

5010 

3690 

Elongation (%) 370 
360 

300 

310 


Set (%) 


710 
0 1170 

1570 1310 1220 

1580 1340 1350 

— 1420 1390 

| 1310 3760 3560 
2160 3090 3620 | 
2030 3070 2960 
1350 2930 3410 
350 830 740 
380 550 590 
360 510 490 

350 430 510 
150 340 410 — 320 240 350 460 510 <a 

25 13 6 7 8 2 
7 5 5 3 
Dag 75 9 6 — 4 1 7 6 6 oa 
_ 100 4 6 5 4 3 6 5 6 es 
150 4 5 — 4 1 4 6 7 oS 
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XIII 
Low-TemMPERATURE Data 
(Tread-type recipe) 
Sample No. 


X-603 Bid-20 X-672 258 273 274 277 
Minutes cured at 292° F 
Degrees twist 10 seconds after twist 


80 
75 
70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 

5 

0 


47 23.0 52.5 
65 60.0 61.5 
67 62.0 65.0 
72 68.5 72.5 
71 67.5 72.0 


Gage of sample (inch) 
0.078 0.096 0.083 0.091 
Temperature(retraction test’, Sample No. 
1Z 
Bid. ural 
20 rubber 258 273 274 277 
Minutes cured at 292° F 


SSSSSESESa 
SEERESSESSS 


~ 
| 


minus (7'R-1) 27° «24 


© 7, Ts, Tw, Tio values are temperatures at which relative rotation stiffness is 2, 5, 10, 100. 

> T samples 2 inches long, elongation 100%. Samples conditioned at —80° C for 30 minutes before 
ing. Temperature raised 1° C minute. 

¢ Polybutadiene made at 14° F. 

¢ Cured at 280° F. 


Temp. (—° C) 
ees 5 2 2 
15 3 3 °F 4 4 2 2 
134 99 «634 25 
148 120 104 103 103 73 
5 152 4 127 118 125 124 96 103 
ec 24 157 «+21 133 #4114 #130 132 110 114 
— 94 161 68 135 112 131 136 118 120 
“— 127 98 139 115 132 141 123 125 
138 114 139 «121 «#133 
Ee 144 123 141 128 133 147 132 133 
149 1229 — 133 13 —- — _ 138 
134 — 14 13 — 
— 152 134 
— 13 — 
a 159 171 146 151 156 142 156 144 146 
—25 162 173 151 154 157 150 159 147 150 
Temperature (—° C) : 
ieee: Ts 27.5 28.0 24 38 39.5 38 
ee Te 42.5 57.5 41 59 57.5 58.5 
Tie 45.5 67.0 45.5 62 62 63 
a T 51.5 74.0 53 69 68 67.5 
> F.P. 52.0 76.0 652 70 67.5 67 
0.082 0.070 083 0.081 
603 252 «253 
60 40 60 8650 50 50 40 
% Retraction 
70 69 
67 66 
58 59 
3 43 45 


COPOLYMERIZATION OF CINNAMIC COMPOUNDS 


TasLe XIV 


Om ReEsISTANCE 
(Tread recipe) 
Sample No. 


Per- 


bunan 
18 258 273 274 277 252 


7-Day immersion, minutes cured at 292° F 


50 50 50 50 60 


% volume increase at 77° F 


Carcass-TyPE REcIPE 


Sample No. 


Stress-strain 
at 77° F. 
300 odul 

in). 


||| 888 


= 
o 


Elongation (%) 


XP. 
99 


| 


S88S S8SS SESE 


Initial compres- 
sion (%) 


ae 

| 
Noo 

lost 
acon 


Heat rise (° F) 


|S88 


Set (%) 


| oom 

| 
oko 

| 


200% modulus. 


£3 


oo 
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00 > 

No. 1 oil 9 0 16 23 16 16 23 19 a . 

No. 3 oil 10 19 110 110 100 120 125 120 oa 

60/40 iso-octane/ 

toluene 174 82 152 187 192 162 192 199 
Special solvent mixture 174 77 146 163 180 163 186 = 199 ae 

TaBLe XV 

280° F 603 672 258 273 274 277 259 6258 

1230 
1200 

930 ae. 

850 

830 

= 

Good: 

4 Shore hardness — 50 41 46 Bee: 

41 51 42 51 

27.5 22.7 

23.7 219 

23 13 

65 35 

3.6 1.5 
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The ethyl cinnamate-butadiene copolymer had stress-strain values about 
equal to those of GR-S. Its low-temperature properties were excellent, its oil 
resistance was poor, and its hysteresis properties were slightly better than those 
of standard GR-S. 

The methyl cinnamate-butadiene copolymer was similar to the copolymer 
prepared with ethyl cinnamate. Its hystersis values, however, were better 
than those of the latter, but still inferior to those of high-viscosity GR-S. 


SUMMARY 


A study of the copolymerization of butadiene with cinnamaldehyde, cin- 
namic acid, methy] cinnamate, ethy] cinnamate, and trans-cinnamonitrile showed 
that all these monomers yield rubbery copolymers with butadiene and certain 
of these have been evaluated and compared to current synthetic rubbers of the 
GR-S type. In general, these monomers to the extent of 10 to 90 parts of 
butadiene yield copolymers roughly equivalent to the standard GR-S which 
contains approximately 25 parts of styrene. The cinnamic acid-butadiene 
copolymer has excellent tensile strength. The trans-cinnamonitrile copolymer 
shows no improvement in oil resistance over GR-S. These cinnamic acid 
derivatives all enter the growing butadiene copolymer chain somewhat more 
slowly than does butadiene, so that the copolymers contain a lower percentage 
of the comonomer than does the charging stock used. 

Some experiments were conducted on the copolymerization of these cin- 
namic acid derivatives with other monomers than butadiene, the copolymeriza- 
tion of the furan analogs of the cinnamic acid derivatives, and the copolymeriza- 
tion of a-cyano-$-phenylacrylic acid derivatives. 
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INFRARED EXAMINATION OF VARIOUS 
POLYISOPRENES * 


W. S. RicHarpson anp A. SAcHER 


Institute or InpusrriaL Researce, PrrrssurcH, PennsyLVvANIA 


INTRODUCTION 


It is well known that, in general, the laboratory polymerization of diene 
monomers leads to materials which are intramolecular mixtures of various types 
of addition products. Thus, synthetic polyisoprene has been shown to contain 
chemical groupings arising from 1,2, 3,4, and 1,4 addition of the isoprene units". 
This is in contrast to the naturally occurring high polymers of isoprene, the 
rubbers and guttas, which appear to be exclusively cis-1,4 and trans-1,4 adducts, 
respectively*. An exception to this last statement is the polyisoprene derived 
from chicle, which is a mixture of cis-1,4 and trans-1,4 addition*. In this case, 
however, the mixture is an intermolecular one, and fractionation of the ma- 
terial leads to components which are all cis-1,4 and all trans-1,4. 

The general problem of diene polymerization is, of course, of great impor- 
tance, and the synthetic polyisoprenes are of particular interest because of their 
relationship to natural rubber. The following attempt to obtain a quantitative 
analysis for the various types of addition occurring in synthetic polyisoprenes 
may lead to a better understanding of the nature of these materials and may be 
of help in elucidating the effect of microstructure on rheological properties. 

The various structures arising from the linear polymerization of isoprene are 
shown in Figure 1. Addition across the 1,4 positions of the isoprene monomer 
leads to carbon-carbon double bonds which are part of the polymer chain 


R-Ch, 
CIS 1,4 ADDITION TRANS 1,4 ADDITION 
CH=CH, 
R 
1,2 ADDITION 3,4 ADDITION 
R= CONTINUED CHAIN 
Fie. 1.—Linear polymerization of isoprene. 
* Reprinted from the Journal a ge Science, Vol. 10, No. 4, pages 353-369, April 1953. The work 
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(internal double bonds), and these may have the chain continued in either the 
cis or trans configuration. Addition across the 1,2 or 3,4 positions leads to 
vinyl or isopropenyl side groups (external double bonds), respectively. The 
analysis given below is a determination of the concentrations of these various 
types of double bonds in the polymer chains. In addition to the structures 
shown in Figure 1, there exists the possibility of other groupings, such as cyclic 
structures and various linkages arising from chain transfer reactions during the 
course of polymerization. While none of these latter structures has been taken 
into account here, there is evidence from the analyses given below that some 
cationic polymers contain a rather high incidence of structures other than those 
shown in Figure 1. Finally it should be noted that, as long as such extraneous 
structures do not involve loss of double bonds and do not show interfering ab- 
sorptions, they will not be detected here. 

Qualitative examinations of the infrared spectra of various polyisoprenes 
have been made by Field, Woodford, and Gehman‘, Dinsmore and Smith‘, 
Saunders and Smith‘, and others. The general features of polyisoprene spectra 
in the rock salt region are shown in Figure 2, where the spectra of Hevea (cis- 
1,4), gutta-percha (trans-1,4) in the amorphous and a and 8 crystalline forms, 
and synthetic polyisoprene prepared with free radical, alfin, and sodium cata- 
lysts are given. The assignment of the strong bands as marked on the spectro- 
grams is quite unambiguous. The assignments are made only to certain specific 
chemical groupings, and no attempt has been made here to assign the weaker 
bands. It is seen that, in the region of frequency higher than 950 cm.~, the 
only outstanding differences among the polymers is the doubling of the carbon- 
carbon double bond stretching modes at about 1650 cm. in the synthetic 
polyisoprenes. Examination of the carbon-hydrogen stretching modes in the 
3000 cm.~! region and the methylene and methy!] bands at about 1450 and 1380 
cm.~! under higher resolution (CaF, prism) indicates that there are small differ- 
ences among the polymers, but none great enough to be useful for analytical 
purposes. The region between 700 cm. and 950 cm. shows the greatest 
differences. Here the cis-1,4 rubber (Hevea) shows a single medium strong 
band at about 840 cm.-'. The trans-1,4 gutta shows a variety of bands, de- 
pending on its physical state (a or B crystalline form or amorphous), but, when 
amorphous, shows a fairly strong band also at about 840 cm.-'. The synthetic 
polyisoprene also shows the 840 cm.“ band which very apparently arises from 
the 1,4 linkages in this polymer. In addition, there are bands at 909 and 887 
cm.~! in this material. By comparison with the spectra of a large number of 
olefinic compounds, these two bands can be assigned respectively to the vinyl 
and isopropeny] groups arising from 1,2 and 3,4addition. With this admittedly 
rather limited understanding of the spectra it is possible to develop an analysis 
for the various structures in the synthetic polymers. 


METHOD OF INFRARED ANALYSIS 


The basic assumption of any optical analysis is, of course, the validity of 
the Beer-Lambert law: 


d,/l = (1) 


t=1 


where d,/l is the optical density per unit path length at frequency », a,; is the 
extinction coefficient at this frequency, c; the concentration of the ith compo- 
nent, and the summation is carried out over the n components of the mixture. 


Se 


350 RUBBER CHEMISTRY AND TECHNOLOGY 


In dealing with a mixture whose components are not available in the pure 
state, one must resort to the use of some selected model compounds and assume 
that the a,,;’s can be carried over from these models to the system under investi- 
gation. In the case of intramolecular mixtures, there is the additional assump- 
tion that the extinction coefficients obtained are independent of the nature and 
proximity of the other substituents in the molecule as well as their concentra- 
tions. 

The question now arises as to how accurately such extinction coefficients 
can be carried over from one molecule to another. If one considers the spectra 
of a series of molecules all containing some particular chemical grouping, one 
generally finds at least one absorption frequency which is characteristic of the 
group. If this frequency is constant for the series, it is because the vibration 
involves primarily motion of the atoms within the grouping; and the actual 
form of the vibrational mode, determined by the masses of the atoms and the 
electronic structure of the linkage, is essentially independent of the nature of 
the rest of the molecule. 

The intensity of an infrared band, as well as its frequency, is determined by 
the electronic structure and nuclear masses of the grouping, and it follows that 
we may reasonably expect a characteristic group frequency to have a char- 
acteristic intensity. It should be borne in mind, however, that the measure of 
intensity under consideration is the absolute or integrated intensity A defined 
by: 

A= a,dv. (2) 
band 
The assumption that the peak extinction coefficients are also characteristic 
involves the additional condition that the band shapes are similar. There are 
apparently many exceptions to this last condition. 


EXPERIMENTAL 


The spectrograms shown in Figure 2 were obtained using a Baird Associates 
Inc. Model A infrared recording spectrophotometer (NaCl prism). The poly- 
mers were examined as thin films of unknown thickness cast on polished rock salt 
plates. All other spectra reported in this paper were obtained using a Perkin- 
Elmer Model 12A infrared spectrometer equipped with a rock-salt prism. 
Carbon disulfide solutions of known concentrations were used in various liquid 
cells of known thickness (thickness determined from interference fringes in the 
infrared). The slit schedule used was established to give more than adequate 
freedom from drift and amplifier instability and led to a half intensity slit width 
of between 4 and 5 cm.“ in the region from 680 to 1000 cm... A lithium 
fluoride shutter was used, and all transmission measurements were corrected 
for residual stray light (~1 per cent). 

The naturally occurring polymers were purified by acetone extraction to 
remove resins and other contaminants, followed by solution in benzene and 
precipitation in methanol. The polyisoprene obtained from chicle was sepa- 
rated into cis and trans fractions by selective precipitation of the trans isomer 
from a benzene-hexane mixture at 0° C. The synthetic materials were dis- 
solved in benzene and precipitated in methanol to remove antioxidants and 
other additives. All polymers were dried by the frozen benzene-sublimation 
method and stored in a refrigerator to prevent oxidative degradation and 
gelation. ¢ In the case of those polymers which were partially gelled at the time 
the spectra were taken, only the CS, soluble portion was examined. 
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Fig. 2.—Infrared spectra of various polyisoprenes. 
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MODEL COMPOUNDS FOR POLYISOPRENE ANALYSIS 


As model compounds from which the necessary a,; may be obtained, we have 
for the cis and trans 1,4 structures the high polymer rubbers and guttas. z-Ray 
examination of these materials* has shown quite unambiguously that they are, 
respectively, cis-1,4 and trans-1,4 adducts. Chemical evidence’ indicates, 
however, that they may not have quite the theoretically predicted unsaturation 
(~96 per cent). These materials are available from a variety of biological 
sources which give polymers of rather widely varying molecular weight. With 
the exception of chicle, which, as previously mentioned, is a mixture of all cis 
and all trans chains, the purified guttas are spectroscopically indistinguishable 
from one another and similarly are the rubbers. We have chosen five rubbers 
as model compounds for the spectrum of cis-1,4 polyisoprene. These are 
Hevea, guayule, jelutong, the cis fraction of chicle, and a low molecular fraction 
of jelutong fractionated from gutta-siak, which is an artificial cis-trans mixture. 
(Because of the high viscosity of reasonably concentrated solutions of these 
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Fic. 3.—Extinction coefficient vs. frequency for cis- and trans-1,4 polyisoprene. 


materials, it is much easier to work with relatively lower molecular-weight 
polymers whenever possible.) For trans-1,4 standards, we have also selected 
five natural products; balata, gutta-percha, gutta-hangkang, gutta-kay, and 
the trans fraction of chicle. Figure 3 is a plot of the average value of the ex- 
tinction coefficient (a) against frequency of these polymers. The internal agree- 
ment in each set of data was very satisfactory. We see that, when the cis and 
trans polymers are in the amorphous state, the differences in their spectra are 
quite small, although still great enough to permit an analysis. Unfortunately 
no use can be made of the more pronounced differences between the rubbers and 
the crystalline forms of the guttas in the analysis of synthetic polyisoprenes, 
because the latter are always amorphous. The intersections of the two curves 
(A and A’) are of interest. Measurements made at these frequencies measure 
only the total 1,4 addition concentration and do not distinguish between the 
cis and transisomers. On the other hand, intensity measurements in the region 
of 840 cm.~ depend strongly on the cis-trans ratio. 

There are no known high polymers of isoprene composed exclusively of the 
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1,2 or 3,4 addition type linkage. In order to obtain the extinction coefficients 
corresponding to such structures, we must carry over those obtained from low 
molecular-weight olefins having vinyl and isopropenyl groups. For this pur- 
pose various olefins from the series of hydrocarbons available from the National 
Bureau of Standards were used. Of the available olefins, three were selected as 
being similar to the 1,2 structure of polyisoprene and five were selected as being 
comparable to the 3,4 addition grouping. It was found that the three vinyl 
type compounds all had a single sharp band at 909 + 1 cm. and the five iso- 
propeny! types have similar bands at 887.5 + 3cm.~'. It was also found that 
these bands could be fit very exactly by the inverse square function: 


a 


(3) 
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Fig. 4.—Band shapes for two low molecular-weight olefins. 


where a and b are constants and the band is centered at vy. The exactness of 
the fit is illustrated in Figure 4, where the bands of two of the olefins are shown, 
the solid lines being the best obtainable fit of Equation (3) to the experimental 
points. The absolute intensities of these bands can then be evaluated analy- 


tically as: 
A = Wdmax.Av;/2cl (4) 


where dmax. is the optical density at the peak and A» is the width of the band at 
d = 4 dmax.. This half intensity width is related to the constant b by Ay; 
= vV4b. The results of measurements on the olefins are collected in Table I, 
where the half width (Av) is that obtained from the best fit of Equation (3) 
and A is evaluated from Equation (4). It may be noted that, as is to be ex- 
pected from the above discussion, the absolute intensity is more nearly constant 
in each series than is the peak extinction coefficient. 
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Tasie 
INTENSITIES OF OLEFIN BANDs 


Vmar., @Qmax., A, 
Compound 1. cm.“ mole 1. cm. mole“ 


1,2 Addition Types 


1-Heptene 
1-Pentene 
3-Methyl-1-pentene 


Avi 
Average deviation (%) 
“Polymer value” 909.0 


3,4 Addition Types 


2-Methyl-2-butene 
2-Methyl-1-pentene 
2,3,3-Trimethy]l-1-butene 
2,4,4-Trimethyl-1-pentene 
y 


verage 
Average deviation (%) 
“Polymer value” 887.5 


* Assumed. 


Assuming now that these absolute intensities can be carried over to the 
polymers, it is still desirable to obtain peak extinction coefficients for the vinyl 
and isopropenyl groups in polymeric materials, since making an analysis using 
absolute intensities is very time-consuming. This latter was accomplished in 
the following way. Using the scheme of analysis described below, and the 
average values of the peak coefficients for the olefins given in Table I, a pre- 
liminary analysis for the four structures was made on fifteen synthetic polyiso- 
prenes. From these values of percentage composition, the a vs. vy curves in 
Figure 3 and the average shape of the 909 cm. band for the olefins in Table I, 
the 887.5 cm. band was “computed out” by subtracting the calculated con- 
tributions from cis- and trans-1,4 and 1,2 addition products from the observed 
polymer spectra. The 887.5 cm. band was selected first because there were 
several polymers (alfin and sodium catalyzed polyisoprene) where this was the 
strongest band in the spectrum and the contribution of the other structures to 
the spectrum appeared only as minor corrections. The “computed out’ 
887.5 cm. bands for the polymers were then fitted with Equation (3) and, 
from the value of b obtained from the best fit, Av; was calculated. Finally, from 
the accepted value of A in Table I and this value of Av, the value of amax. for 
the polymer was obtained from Equation (4). Once this new shape of the 
887.5 cm. band was established, a similar procedure was carried out for the 
909 cm. band; and, finally, the whole iterative procedure was repeated with- 
out achieving further refinement. These new “polymer values” of amax. at 
887.5 cm. and 909 cm. are also given in Table I. In the course of these re- 
finements it was also found necessary to shift the a vs. v curves for the cis- and 
trans-1,4 compounds about 4.0 em.“ to higher frequency. The reason for this 
shift is not clear, but, unless it was used, the agreement between the points A 
and A’ for total 1,4 addition was not very satisfactory, and the calculated band 
shapes given below were shifted from the observed bands. 

Assuming now that we know the a,; as a function of frequency for the four 
structures arising from cis- and trans-1,4, 1,2, 3,4 addition in the synthetic poly- 
mers, it remains only to select the four frequencies at which the analysis is to 
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be made. We have selected, of course, 887.5 cm.~ and 909 cm.~ where the 3,4 
and 1,2 adducts are the principle absorbers respectively. For the 1,4 addition, 
we have used 815.5 and 857.0 cm. (points A and A’ in Figure 2 shifted 4.0 
em.~! to higher frequency) which depend only on the total 1,4 addition and do 
not differentiate between cis and trans (one of these is of course redundant and 
serves only as a check on the other). To establish the cis-trans ratio, we use 
843.0 cm.~! midway between the maxima of the cis and trans peaks (shifted). 
At these frequencies we then have five equations of the type of Equation (1), 
and these are solved by successive approximations to give the analysis of an 
unknown. The two values obtained from 815.5 cm.~! and 857.5 ecm.~! for the 
concentration of 1,4 adduct were averaged to obtain the percentages of 1,4 
given below. The values of the extinction coefficients used in the final analy- 
ses are given in Table II. 
II 
Extinction CorrFricreNts Usep IN ANALYSIS OF POLYISOPRENES 
em. 

815.5 843.0 857.5 887.5 909.0 

0.31* 0.62* 1,02* §.73* 149 

0.69* 1.80* 3.87* 159 7.48* 


6.78 19.2 8.06 4.56 2.72 
6. = 11.3 8.06 3.26 2.40 
* These values were obtai tion (3) and the polymer values of amax.and A»; ge in Table IL 


In general, the showed no te at which could not be accounted for as arising 
from the “wings” of the 887.5 or 909 


Before proceeding to a discussion of the results for various synthetic poly- 
isoprenes, it should be noted that rather extensive assumptions have been made 
as to the exact shapes of the various bands and that these assumed shapes have 
been carried over to the polymers. From this it is apparent that, even though 
the analysis has been made using data at only five selected frequencies, it 
should be possible to calculate back from the analysis the complete spectrum 
of the polymer in this region. Agreement between the spectra so calculated 
and the observed spectra may be taken as evidence in favor of the correctness 
of our assumptions as to the individual band shapes. Figures 5 and 6 are 
typical of the results of such calculations; the solid lines being the spectra com- 
puted from the analysis and the dashed lines and points the experimental curves. 
The agreement is seen to be quite satisfactory. 

To summarize: The extinction coefficients for cis- and trans-1,4 addition 
were obtained from naturally occurring polymers by shifting their absorption 
curves by 4.0 cm. to higher frequency. The peak extinction coefficients for 
1,2 and 3,4 addition in polyisoprene were obtained from the average absolute 
intensities of low molecular-weight olefins and the average band widths in 
polymers, assuming that the bands have the inverse square shape given by 
Equation (3). It is felt that this approach is theoretically more sound than 
carrying over the olefin peak intensities directly. 


RESULTS OF ANALYSES 


Table III is a list of the various polyisoprenes which were investigated and 
the percentage composition found in each case. Data on the methods by which 
the polymers were prepared include the preparation phase and temperature, the 
catalyst, and the per cent conversion of monomer to polymer. For reasons 
noted below, the percentages of the adducts reported are normalized to the 
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POLYMER NO. 17 
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Fic. 5.—Computed and observed spectrum of Polymer No. 17 (emulsion polyisoprene). 


total found concentration in each case and not the made-up concentrations. 
The column titled ““% found” is the ratio of the found concentration to the 
made-up concentration expressed as per cent. 


ERRORS 


Several sources of possible errors in these measurements should be men- 
tioned. Two properties of the polymers themselves combine to cause most of 
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Fie. 6.—Computed and observed spectrum of Polymer No. 30 (alfin polyisoprene). 
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the experimental difficulty. First, the cis-1,4 and trans-1,4 structures which 
are generally predominant, are not very strong absorbers. This means that 
one must go either to fairly concentrated solutions or to long path lengths to 
obtain absorptions which are great enough to measure accurately. Second, 
because of the high molecular weight of these materials, their solutions tend 
to be very viscous. The possibility of using dilute solutions in thick cells is, 
of course, limited by the transparency of the solvent used. In the case of 
carbon disulfide, which is probably the best solvent for this spectral region, 
serious difficulty from solvent absorption is encountered in the region of 860 
em." at thickness much greater than 0.5mm. A single cell of thickness 0.528 
mm. was used in almost all of the measurements reported here. With this 
thickness, solutions of the order of 5 g. per 100 ml. were generally required to 
give reasonable absorptions, and this often led to solutions having the con- 
sistency of a very thick glue. The difficulties of getting such solutions into thin 
infrared cells without loss of the very volatile solvent are obvious. It is felt that 
this difficulty is the main cause of the trend towards finding a higher concentra- 
tion of components than the made-up concentration. 

Provided the product cl is great enough to give optical densities of about 
0.3 to 0.6 in the regions of interest, the spectrographic errors are probably not 
more than 1-2 per cent. However, in some cases it was necessary to dilute the 
polymer solutions to the point where peak optical densities were only ~0.2. 
In these cases (marked with an asterisk after the polymer number in Table ITI) 
the errors in the spectrographic measurements may be somewhat more serious. 

The tendency of the analyses to show more than 100 per cent of the made-up 
concentration perhaps merits further attention. As mentioned above, the 
most likely source of this difficulty is loss of solvent during the slow process of 
filling the cell. Some other explanations of this deviation are also possible, 
however. First, there is indication in the literature’ that the synthetic poly- 
isoprenes do have higher unsaturation (~98-100 per cent of theoretical) than 
the natural product polymers (~96 per cent of theoretical) from which the 
a,:’s were obtained. Second, there exist in the synthetic polymers fragments of 
catalyst molecules which, although present in low concentration in the poly- 
mer, may have some absorption in the region used in the analyses. The com- 
bination of these possible reasons for finding more than 100 per cent of the 
made-up concentration leads us to report the analyses normalized to the found 
concentration rather than to the made-up concentration. 

Special mention should also be made of the possible magnitude of errors in 
the determination of the cis/trans ratio. Because the extinction of cis-1,4 and 
trans-1,4 adducts differ by at most a factor of two, rather small errors in the 
optical density measurement at 843.0 cm. can lead to wide variation in the 
cis/trans ratio. For this reason we set the rather large limits of +5 per cent for 
the per cent of cis and per cent of trans in the total polymer analysis. In the 
cases marked with an asterisk even larger (~10 per cent) errors may be present. 
In general, the per cent of 1,2 and per cent of 3,4 should be good to a few tenths 
per cent in the total analysis and per cent of 1,4 to about +2 percent. It may 
be noted that no attempt has been made to estimate errors arising from slit 
effects and cell thickness measurements on the extinction coefficients, or ab- 
solute intensities, since such errors tend to cancel out in the analyses. 


DISCUSSION 


For purposes of discussion the polymers listed in Table III can be divided 
into two groups: first, the bulk and emulsion polymers prepared with free 
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radical catalysts (Nos. 1-28) and, second, the polymers prepared in solution 
with other types of catalysts (Nos. 29-35). Polymer No. 36 is the unfraction- 
ated polyisoprene obtained from chicle, and if no cis/trans fractionation occurs 
on dissolving in benzene and reprecipitating in methanol, we may say the 
elastomer from chicle is about 35 per cent cis-1,4 and 65 per cent trans-1,4. 


FREE RADICAL CATALYZED POLYMERS (NOS. 1-28) 


Bearing in mind the limits of error set for these results, we may say that, for 
the free radical initiated polymers, we find no effect of phase (bulk vs. emulsion), 
specific catalyst, or conversion on the polymer structure. Of the variables 
given, the only one which obviously affects the structure is the polymerization 
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Fie. 7.—Variation of structure with polymerization tem ture for free 
radical initiated polyisoprenes (emulsion and bulk). 


temperature. The variation of the composition with preparation temperature 
is shown in Figure 7. The solid lines in each case are the straight lines fitted to 
the data by the method of least squares. In the case of the per cent cis-1,4 vs. 
temperature, the line probably reaches essentially zero per cent cis somewhere 
in the neighborhood of 0° C, and only the points above 0° were used to determine 
the least square line. The bad scattering of the points in this case is merely a 
reflection of the difficulty in accurately determining the cis/trans ratio. 

As can be seen from these graphs, the amount of 1,2 addition is essentially 
independent of temperature at a level of about 5.5 per cent, while the amount of 
3,4 addition changes from about 4.5 to about 6 per cent in the temperature 
range —20 to 100° C. The per cent of 1,4 adduct shows a corresponding de- 
crease from about 90 to about 88.5 per cent over this range. The most striking 
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change is, of course, the increasing incidence of cis-1,4 as the temperature is 
raised; polymers prepared below 0° C having essentially no cis-1,4, while at 
100° C the incidence is about 25 per cent. 


ALFIN-CATALYZED POLYMERS (NOS. 29-31) 


The polymers prepared with alfin catalysts, when compared to free radical 
initiated polymers, show an increased amount of 3,4 addition at the expense of 
1,4 adduct; the level of the 1,2 adduct being essentially the same as in the case 
of the free radical catalyzed polymers. Little significance is attached to the 
values of per cent of cis and per cent of trans in these materials because the level 
of 1,4 absorption was too low to obtain an accurate cis/trans ratio. 


‘SODIUM CATALYZED POLYMERS (NOS. 32 AND 33) 


These materials show an even greater amount of 3,4 addition than the alfin 
polymers; and again, this is at the expense of 1,4 addition with the 1,2 addition 
remaining at the 5 per cent level as in free radical polymers. Here also no 
significance can be attached to the cis/trans ratio. 


CATIONIC CATALYZED POLYMERS (NOS. 34 AND 35) 


The two polymers prepared with BF; are of interest since the total found 
concentration of double bonds is much less than 100 per cent. While explana- 
tions have been advanced for the general tendency of the analyses to total more 
than 100 per cent, finding less than 100 per cent can only mean a loss of double 
bonds during polymerization. It is well known that BF; is a catalyst for the 
isomerization (cyclization) of rubber, and the results of the analyses indicate 
that some reaction leading to the loss of the normally stable double bonds of 
polyisoprene occurs during the course of the polymerization. The linear poly- 
isoprene which is present to about 50 per cent in Polymer No. 35 and about 75 
per cent in Polymer No. 34 appears to have about the same distribution of 
1,2, 3,4, and 1,4 addition as the free radical initiated polymers. 


COMPARISON OF RESULTS WITH OTHER DATA 


The results of this analysis are in good agreement with the results of the 
perbenzoic acid reaction for the ratio of external to internal double bonds’. 

In the isoprene polymers, 3,4 addition (as defined in Figure 1) is analogous 
to 1,2 addition in the polybutadienes. The results given here for polyisoprenes 
are rather similar to analyses obtained by other workers* on the polybutadiene 
system. In the polyisoprenes, compared to the polybutadienes, the incidence 
of external double bonds is somewhat lower in all types of polymers. However, 
the temperature dependence of the concentration of external double bonds is 
essentially the same. Similarly the incidence of cis-1,4 addition and its change 
with polymerization temperature is essentially identical with the case of the 
butadiene polymers. 


SYNOPSIS 


The infrared spectra of synthetic polyisoprenes have been used to obtain 
quantitative analyses for the various types of addition occurring in the poly- 
mers. It is found that the composition of polymers prepared in bulk and 
emulsion systems is, within experimental error, independent of specific catalyst 
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and per cent conversion of monomer to polymer. The structure of these ma- 
terials is affected by preparation temperature, increasing temperature leading 
to a slight increase in 3,4 addition and a large increase in cis-1,4 addition. 
Polymers prepared in solution with alfin and sodium catalysts show increased 
amounts of 3,4 addition at the expense of 1,4 addition. Polymers prepared 
with a cationic catalyst (BF;) are apparently not exclusively linear polyiso- 
prenes. 
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INVESTIGATION OF THE ROLE OF INTERMOLECULAR 
FORCES IN THE MECHANISM OF HIGH-ELASTIC 
DEFORMATION. VII. THE EFFECT OF MOLECULAR 
INTERACTION ON THE FATIGUE RESISTANCE 
OF HIGH POLYMERS HAVING HIGHLY 
DEVELOPED SPATIAL STRUCTURES * 


V. E. Gut, D. L. Fepyuxin, anp B. A. Dogapk1n 


M. V. Lomonosov InstiruTe oF Fine Moscow, USSR 


In a previous article! it was shown that a decrease of the potential energy of 
the molecular reaction of vulcanizates is accompanied by an increase of their 
fatigue resistance up to a certain limit, beyond which a further decrease of the 
molecular reaction leads to a lowering of the fatigue resistance of the vulcan- 
izates. The non-uniform change of fatigue resistance was explained by the 
fact that, with a decrease of the molecular reaction, the mechanical losses, a part 
of which go into the activation of the chemical processes leading to destruction 
of the rubber, are also lowered. However, parallel to the decrease of the 
molecular reaction, a decrease of the tensile strength is observed. The super- 
position of the decrease of mechanical losses during deformation and the de- 
crease of tensile strength which are observed simultaneously during decrease of 
the molecular reaction leads to a non-uniform change of fatigue resistance. 
The method of swelling vulcanizates in paraffin oil and dibutyl phthalate 
was used in measuring the potential energy of intermolecular reaction. It was 
interesting to study the behavior of loaded as well as unloaded vulcanizates of 
natural rubber, and also to study rubbers with various concentrations of mo- 
lecularly reactive groups. 

In this article, experimental data are presented which confirm the concepts 
stated above and furnish a more detailed analysis of the phenomena which are 
associated with the fatigue of vulcanizates. 

In comparing the fatigue resistance of various vulcanizates, the question 
arises as to the correct method for making such a comparison; i.e., whether to 
test the vulcanizates at a constant deformation, or to maintain a constant de- 
forming load. It was desirable to test the fatigue resistance of specimens in 
such a way that, with a decrease of molecular reaction, the work of deformation 
would not decrease, for in such a case the increase of fatigue resistance might 
be attributed to this effect. 

The application of the equation proposed by Flory, as was done in the 
earlier work’, is not sufficiently convincing, since the results of the calculations 
in this case depend on whether the deforming force is applied to the swollen or 
to the non-swollen specimen. An approximate but therefore more graphic 
method involves the assumption of Hook’s law as valid in the conditions of 


* Translated for Russer Cuemistry & Tecuno.ocy from the Kolloidnyi Zhurnal, Vol. 15, No. 1, 
pages 1-10 (1953). 
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deformation. Then, with constant deformation for all vulcanizates, we have: 


<2 
W= Bede = 
€1 €1 


where ¢€; and é€2 are the minimal and maximal relative elongations of the speci- 
men, in the process of repeated deformation; Z is the modulus of elasticity, and 
o is the stress. 

The relation obtained attests to the fact that, in any comparison of speci- 
mens with different moduli of elasticity or at identical deformations, the specific 
work of deformation expended is smaller, the smaller is the modulus of elasticity. 

The inverse relation holds true when specimens are tested under constant 


stress : 
w= cde = 


Thus, in order to confirm experimentally the increase of the creep of vul- 
canizates at the expsense of a decrease of energy loss during deformation, it was 
necessary to make tests with a uniform deforming load, maintaining constant 
the geometric dimensions of the specimens. 

To determine the degree of heat build-up and the mechanical losses at 
various degrees of swelling, vulcanizates of natural rubber containing 30 per 
cent carbon black were prepared. The heat build-up was measured on a Good- 
rich apparatus at a frequency of deformation of 1040 cycles per minute. The 
temperature was measured inside the specimen and on its surface (which in- 
creases with the time of fatigue). 

The temperature change of a swollen specimen as a function of the time of 
testing is shown in Figure 1, from which it is seen that, with reported deforma- 
tions, the temperature of the specimen at first increases sharply, reaching a 
certain value A’, after which the change of temperature with time of fatigue 
becomes smaller and shows a linear relation. The nature of the curve indicates 
that, as it approaches the point A, equilibrium is established between the heat 
liberated in the process of repeated deformation and the heat dissipated into 
the surrounding medium. In the beginning, when the amount of heat liber- 
ated is much greater than the amount of heat dispersed into the surrounding 
space, the temperature within, as well as on the surface of the test-specimen, 
increases rapidly. The rate of increase of the temperature becomes smaller as 
the temperature approaches the value A’. Starting at a temperature equal to 
A’, the rate of temperature increase becomes almost constant, which reveals the 
course (at the same time as the increase of temperature because of mechanical 
losses) of the process of heat formation because of chemical changes. If there 
were no chemical changes in the fatigue process, a constant temperature would 
then be established at the time A. This constant temperature value can be 
estimated by extrapolating a rectilinear segment of the curve to its intersection 
with the temperature axis, as shown in Figure 1. The value K obtained is the 
temperature which would be established as a result of the equilibrium between 
the heat liberated in the fatigue process and that dissipated into the surround- 
ing space, i.e., the inclination of the rectilinear segment of the curve tan ¢, 
indicates the intensity of the chemical processes in the vulcanizate. During 
repeated deformations, the mechanical loss for each deformation cycle remains 
constant. More accurately, the loss decreases somewhat as a result of the 
decrease of internal friction with increase of temperature of the specimen. 
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Fie. 1.—Relation of temperature of test-specimen to time of repeated deformation. 
1. Internal (tg). 2. Surface (t). 


If different amounts of heat are generated in a unit of time, the rubber will 
gradually become hotter until the amount of heat formed in a unit of time 
equals the amount of heat evolved into the surrounding space. If the amount 
of heat entering the test-specimen in a unit of time is greater, then the equilib- 
rium temperature and the rate at which it is reached change correspondingly. 
The nature of the t’—¢ curve must remain constant. 

In case an equilibrium temperature is not established, there must be an 
increase of the amount of heat generated. This increase of heat can not be 
attributed to the increase of mechanical losses due to the causes explained above. 
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Fie. 2.—Relation of K, tan ¢, and A to the degree of swelling in paraffin oil 
(the deforming load was kape uniform). 
x. 2. tan ¢. 3. A. 
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Consequently, along with the heat build-up resulting from internal friction, 
there is another source of heat build-up, which leads to a progressive increase 
of the amount of heat generated in the specimen in a unit of time. This source 
of heat is manifest in the heat effect of the chemical reactions ; thus the equilib- 
rium temperature will be obtained by deducting from the total temperature the 
increase according to a linear law. 

The relations shown graphically in Figure 2 were obtained from a compari- 
son of curves for vulcanizates with different degrees of swelling in paraffin oil. 

Figure 2 shows that, as the degree of swelling in paraffin oil increases, the 
equilibrium temperature between the amount of heat K liberated and dissipated 
decreases; this indicates that the quantity of heat evolved is smaller. The 
time required to reach this equilibrium, which is designated in Figure 2 by A, 
increases greatly with an increase of Q, indicating a slowing down of the process 
of heat formation during fatigue. The decrease of the values of tang with 
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Fic. 3.—Relation of K, tan ¢, and A to the degree of swelling in paraffin oil 
(the deformation was kept uniform). 


a 2. tan ¢. 3. A. 


increase of Q indicates a lesser intensity of the chemical processes. Analogous 
relations for K and tan @ (Figure 3) were obtained in the case of fatigue of vul- 
canizates with various degrees of swelling in paraffin oil under conditions of con- 
stant deformation for all specimens. A comparison of the slopes of the curves 
of Figures 2 and 3 shows that, when the deforming load is constant for all 
specimens, the conditions are less favorable to the development of heat forma- 
tion in the case of the swollen test-specimens. 

As already stated above, in comparing vulcanizates having different inter- 
molecular energy values, vulcanizates with different contents of polar atom 
groups in the chain molecules of the polymer were used. In order to exclude 
the influence of other factors, vulcanizates of nitrile rubbers were chosen, which 
differed in the concentration of nitrile groups (smallest concentration in No. 1, 
largest in No. 3), but with equally developed spatial structure’. 

Figure 4 shows the time-temperature curves for vulcanizates of rubbers 
Nos. 1, 2, and 3. 
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Fie. 4.—Relation of temperature inside a test-specimen to the time of repeated deformati 


1. Vulcanizates of No. 1 rubber. 
2. Vulcanizates of No. 2 rubber. 
3. Vulcanizates of No. 3 rubber. 


On the basis of the data shown in Figure 4, it may be concluded that the 
increase of concentration of the polar groups and, consequently, of intensity of 
the intermolecular action, is accompanied by an increase of heat formation in 
the process of repeated deformation ; this accords well with the reasoning above. 

Measurement of the temperature of specimens during repeated deformation 
makes it possible to judge only the mechanical losses which result in the increase 
of the kinetic energy of heat movement. In order to obtain a more complete 
idea of the mechanical losses in vulcanizates with various values of intermolecu- 
lar energy, the phase difference was measured on a Kornfeld machine. 

The change of the loss coefficient as a function of the degree of swelling of 
loaded vulcanizates of natural rubber in paraffin oil is shown in Figure 5. On 
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Fic. 5. of coefficient of mechanical losses in relation to of f 
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42 X 
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Percentage swelling 
Fie. 6.—Relation of fatigue resistance to the degree of swelling of vulcanizates in paraffin oil. 


the basis of the experimental data shown in Figures 2 to 5, it may be concluded 
that heat formation and mechanical loss under the conditions described above 
decrease uniformly as the intermolecular reaction of the vulcanizates decreases. 
Admitting, on the basis of a number of works’, that mechanical losses and heat 
formation during repeated deformation indicate chemical processes, as a result 
of which the material is ultimately destroyed, one can expect that a decrease of 
the intermolecular reaction will be accompanied by a uniform decrease of fatigue 
resistance. In the comparison of the fatigue resistance of vulcanizates of 
nitrile rubbers with different concentrations of nitrile groups, the lowest fatigue 
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Fie. 7.—Relation of fatigue resistance to the degree of swelling of vulcanizates in dibutyl phthalate. 


resistance was, in fact, observed in the vulcanizates with the most intense inter- 
molecular action. 

Thus, the fatigue resistance values of vulcanizates Nos. 1, 2, and 3 were, 
respectively, 1, 2, and 4.5 hours. However, in the experiments on the change 
of molecular reaction within broader limits by the swelling method, it was 
shown that the fatigue resistance of loaded vulcanizates does not change 
uniformly. 

Corresponding to the data obtained for unloaded vulcanizates of natural 
rubber! the fatigue resistance of loaded rubbers increased proportionally with 
an increase of the degree of swelling in paraffin oil, reached a maximum value, 
then decreased uniformly. 


ff 
4 
: 
= 
{ 
> 


INTERMOLECULAR MECHANISM OF DEFORMATION 369 


As has been stated previously, this decrease of fatigue resistance can explain 
the marked decrease of tensile strength which is observed when certain degrees 
of swelling are reached. In Figures 6 and 7 the variation of the relative fatigue 
resistance (as a basis of comparison, the fatigue resistance of an unswollen 
vulcanizate was taken) with the degree of swelling in paraffin oil and dibutyl 
phthalate is shown graphically. 

Comparison of the data shown in Figures 6 and 7 shows that, during the 
swelling of unloaded natural-rubber vulcanizates in dibutyl phthalate, the maxi- 


Tensile strength (hg. per sg.cm.) 


\ 


Fercentage swelling 


mum increase of fatigue resistance is much larger than in the case of swelling in 
paraffin oil, and this value is reached at lower degrees of swelling than with 
paraffin oil as solvent. 

The results of measurements of the tensile strength of unloaded vulcanizates 
showed that the tensile strength changes in proportion to the swelling in paraffin 
oil, at first slightly, then, beginning with swelling of 10 per cent, the fall of 
tensile strength becomes much sharper (see Figure 8). 
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Fie. 9.—Change of vulcanizates in relation to the 
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Figure 9 shows the change of tensile strength during swelling in dibutyl 
phthalate. At low degrees of swelling, the tensile strength increases, again 
reaching the values of an unloaded vulcanizate, where Q is 10 per cent. When 
a vulcanizate is subjected to repeated deformation, it is weakened as a result 
of the development of chemical processes which lead to the accumulation of 
micronuclei of destruction. This weakening is caused by an increase of the 
number and size of these micronuclei and a change of structure and of other 
properties until the effective tensile strength of the specimen in the given section 
is so small that the specimen cannot withstand the highest stress undergone 
during a deformation cycle. With this decrease of the tensile strength, the 
latter approaches the actual stress during deformation. 

Therefore the decrease of tensile strength in itself leads to a decrease of 
fatigue resistance. At low degrees of swelling, when the decrease of fatigue 
resistance is still slight, the decrease of mechanical losses prevents the intensi- 
fication of chemical reactions which cause the formation of micronuclei of 
destruction, and the fatigue resistance increases. 


Fie. 10.—Alexandrov’s model, representing the mechanical properties of vulcanizates. 


During swelling of loaded vulcanizates in paraffin oil, the mechanical losses 
decrease particularly sharply when the degree of swelling increases from 0 to 
20 per cent. But, starting from 10 per cent swelling, the tensile strength de- 
creases sharply, so that, starting with approximately this degree of swelling, a 
decrease of fatigue resistance is observed. When the degree of swelling reaches 
40 per cent, any further decrease of mechanical losses becomes very slight, but 
the tensile strength decreases as much as was observed above 10 per cent swell- 
ing. Fatigue resistance at 40 per cent swelling reaches its maximum value for 
unswollen vulcanizates and decreases considerably with a further increase of 
the degree of swelling. 

The results obtained in testing swollen vulcanizates are interesting because, 
on the basis of such results, conclusions can be reached concerning the mech- 
anism of fatigue of rubber. For greater clarity we shall use the modulus 
(Figure 10) describing the mechanical properties of rubbers which was proposed 
earlier by Alexandrov‘. 

According to theories developed by Bartenev®, the modulus in Figure 10 
indicates the mechanical properties of high polymers during transition from the 
vitreous to the high elastic state, and mo denotes the viscosity for the process of 
orientation of the cross-links of a chain molecule; £’o is the initial high elastic 
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modulus; and Ep is the elastic modulus. The mechanical losses, according to 
this modulus, depend on the rate of deformation. In the case Ey > E’o, we 
have: 


o = EB’ + no (3) 


where £ is the relative deformation; t is the deformation time; and oa is the 
stress. 

In deformation at a definite rate, a part of the work will be expended in 
overcoming the internal friction of the viscous phase. This part of the work A 
will be greater as the rate of deformation is greater: 


A= noe = Noev (4) 
where »v is the rate of deformation. 

From Equation (4) it is seen that the mechanical losses increase with an 
increase of internal friction, but this is true only as long as the deformation of 
the viscous phase follows Newton’s law. 

With a corresponding lowering of temperature or increase of the rate, the 
deformation of the viscous phase no longer follows Newton’s law but follows 
Hooke’s law. Under these conditions, there will be no orientation of the kinetic 
elements under the influence of the deforming force. In accordance with the 
mechanism of deformation of solid bodies, the work consumed during deforma- 
tion will be recovered in the restoration of the original form after the deforming 
weight is removed. 

In the conditions where plastic deformation of the viscous phase begins to 
appear, a part of the work of deformation isirreversibly consumed by the orienta- 
tion of the kinetic elements in conformity to their relative displacement. This 
part of the work of deformation, which is consumed in overcoming internal 
friction, will be greater the more complete is the process of regrouping of the 
kinetic elements during the action of the deforming load. 

If the deformation conditions are such that, during application of the de- 
forming load, the regrouping of the kinetic elements is complete, then a further 
decrease of the frequency of the deforming force is not accompanied by an in- 
crease of mechanical losses, but in this case further decrease of the deformation 
frequency causes a decrease of mechanical losses in a unit of time. Thus, the 
maximum mechanical losses occur at a definite frequency, and this is confirmed 
experimentally. 

The molecular mechanism of mechanical losses is represented thus. As a 
result of the applieation of a load to the specimen, the latter is deformed. This 
deformation is accompanied by a change of the configuration of the component 
chain molecules; in high polymers this is manifest by successive local displace- 
ments of portions of the chain molecules. The number of these displacements 
is the sum of the local displacements necessary for the passage from the given 
configuration to the most probable configuration and the number of molecules 
which change their configuration owing to the deformation. 

During displacement of a kinetic element, work is performed in opposition to 
the intermolecular forces. As a result of this, part of the work of deformation 
is consumed in overcoming the intermolecular action, and there are energy 
losses which are the sum of all the elemental factors of the displacement. The 
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number of elemental displacements which can take place during one deforma- 
tion cycle is governed by the relation of the time of the elemental displacement 
to the time of a deformation cycle. In turn, the time of the elementary dis- 
placement of the kinetic units is characterized by the relaxation time. 

The molecular picture presented above for the mechanism of energy losses 
during deformation provides an explanation of certain peculiarities of this 
phenomenon. As was mentioned above, the value of the mechanical losses does 
not change uniformly with change of the rate of deformation but passes through 
a maximum at definite values of the frequency of application of the deforming 
load. If the duration of a deformation cycle is less than the time necessary for a 
series of elementary displacements, the energy loss will increase with an increase 
of the time of application of the deformaing load, since here the number of 
elementary displacements during deformation increases. If the duration of a 
cycle is greater than the time necessary for a definite number of elementary dis- 
placements, the energy loss per cycle decreases with increase of duration of a 
deformation cycle. 

This is explained by the fact that the work of overcoming forces of inter- 
molecular action is expended partly at the expense of the energy of heat forma- 
tion of the kinetic units. If a specimen is deformed infinitely slowly, the 
energy losses per deformation cycle will be zero. Zobov, Zhurkina and Kargin‘® 
showed, with albuminous gels, that the magnitude of relaxation processes during 
the deformation of high polymers is due to the nature of the intermolecular 
bonds which are overcome during deformation. An increase of the temperature 
or swelling of the polymers causes more frequent rupture of the molecular bonds 
because of the energy of heat formation. This is accompanied by a change of 
the relation between the relaxation time and the time of a deformation cycle. 
Thus a change of temperature or of the degree of swelling must, in general, cause 
irregular changes of the mechanical losses during repeated deformations. The 
irregular changes of mechanical losses with change of temperature have been 
observed several times’ and have found a rational explanation on the basis of 
the schemes proposed ; however, a molecular interpretation of the mechanism of 
energy losses during repeated deformation has not been offered. 

During repeated deformation, energy losses are entailed by the mechanical 
activation of the chemical reactions and by the increase of the kinetic energy of 
heat movement, which also promotes more intense chemical reactions between 
the components of the system. 

As a result of the chemical interaction of the components, which is localized 
at the points of the vulcanizates where the distribution of reactive components 
is most favorable to the reaction, there is, at the same time, structure formation 
and destruction of the rubber hydrocarbon at various locations. Here, as 
Karmin and Epstein showed, on the one hand, the heterogeneity of the material 
increases. On the other hand, the number of relaxations due to the destruction 
of the rubber molecules at points which form micronuclei increases. The ex- 
cess strains which arise at the edges of the micro-cracks favor their gradual 
increase. The growth and increase of the number of these micro-cracks lead 
in the end to destruction of the specimen. 


CONCLUSIONS 


It is shown experimentally that an irregular change of the fatigue resist- 
ance of loaded natural-rubber vulcanizates with increase of the degree of swelling 
in paraffin oil and in dibutyl phthalate is caused by the superposition of two 
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processes: the increase of fatigue resistance, as a result of the reduction of 
mechanical losses, and the decrease of fatigue resistance due to the decrease of 
tensile strength proportional to the higher degree of swelling. 
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MECHANISM OF THE CRYSTALLIZATION 
OF HIGH POLYMERS* 


G. Scuuur 


Russer-Sticutine, Detrr, 


INTRODUCTION 


The crystallization of higher polymers is a phenomenon which is not yet 
fully understood, one of the main difficulties being to explain how the spherulites 
arise. 

An attempt will be made in this paper to draw a clearer picture of the 
mechanism of crystallization and thus to account for the origin of spherulites. 
It will then be seen how several other phenomena involved in the crystallization 
of natural rubber can be shown to be logically interrelated. 

The current view is that a crystalline polymer consists of a continuous 
amorphous phase containing small crystalline regions, the crystallites. The 
evidence as to the size of these crystallites, however, is at present inconclusive, 
because only the lower limit of their size can be measured by means of x-ray 
examination. The reason is that, owing to the absence of reflections of a 
higher order, the effect of irregularities in the crystallites and of the heat 
motion of the molecules cannot be measured separately. 

Another doubtful question is whether the small angle interference maxima 
are to be interpreted as a measure of mean distances between the crystallites. 
To do this, Wallner has to resort to the assumption that the crystallites are 
unstable, whereas it is presumed, on the evidence of the mechanical properties 
of the high polymers, that a crystallite is stable and permanent. 

Hoffmann* found 82 + 7 per cent of crystalline material in polychloro- 
trifluoroethylene and Buckley, Cross, and Ray* found as much as 95 per cent 
in polymethylene. Such high percentages make it doubtful whether the 
crystalline phase can be discontinuous at all. 

In this article any volume of material in which the molecules lie parallel 
is called a crystallite. The direction in which the molecules are oriented is 
termed the longitudinal direction of the crystallite. It is immaterial to the 
argument whether a crystallite consists of several crystallites, aligned in 
parallel separated by a small amount of amorphous material, or of a single 
crystallite containing large irregularities. 


SPHERULITES 


When a crystalline polymer is melted and then cooled to below its melting 
point, it is sometimes found to contain spherulites. 

When a specimen in which spherulites occur is placed under the micro- 
scope between crossed nicols, dark crosses will be seen in a light field (Figure 
1). As the specimen is rotated, the directions of the arms of a cross remain 


* Reprinted from the Journal of Polymer Science, Vol. 11, No. 5, pages 385-396, November 1953. 
This paper is Communication No. 219 or tthe I Rubber-Stich ting. 
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parallel to the directions of the polarizer and analyzer. The spherulites 
consist of a collection of crystallites, together forming a sphere; usually in this 
sphere the crystallites are aligned perpendicular to the radius‘. Spherulites 
have been identified in virtually all crystalline polymers. 

Kirchhof® has described the various forms in which spherulites occur in 
gutta-percha. Later, spherulites were also identified in natural rubber‘, 
polyethylene’, polychlorotrifluoroethylene’, polyamides*, polyurethan’, and 
polyethylene terephthalate”. They have also been found in rubber 
hydrochloride". 

Various suggestions have been brought forward to account for the origin 
of spherulites. Jenckel and Wilsing® attempted to explain it on the supposition 
that the crystallites lie parallel to the radius of the spherulite, but, since the 
crystallites are usually oriented perpendicular to the radius, their argument 
falls to the ground. 

Roseveare, Waller, and Wilson" and Price’ followed out different assump- 
tions in an endeavor to account for the existence of spherulites. Both presumed 
that the growth of the crystallites is preferentially in a longitudinal direction 


Fia. 1.—Normal spherulite of putegerohe, between crossed nicols. 
Crystallized at 18° C. agnified 270 x. 


by reason of the fact that the elementary units of the macromolecules engage 
on the principle of a zip fastener; but the existence of any such mechanism 
has never been proved. Even if this mechanism is accepted for the sake of 
argument, however, the reasoning of the two parties is not clear. 

Finally, Keller, in view of certain variations observed in spherulites of 
polyethylene terephthalate, supposed that they consist of spirals, without 
describing the structure of explaining how this structure came into being. 

None of these suggested explanations is coordinated with other aspects of 
crystallization. 


THE MECHANISM OF CRYSTALLIZATION 


(A) THE “AUTOORIENTATION’”’ OF MACROMOLECULES 
DURING CRYSTALLIZATION 


On fusing, an oriented crystalline material (such as a monofilament) 
shrinks longitudinally, sometimes by several hundred per cent, the dimensions 
in the other two special directions increasing correspondingly. The reverse 
takes place when oriented polymeric molecules crystallize, as the evidence of 
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experiments performed by Smith and Saylor* and Park" has shown. Strips 
of natural rubber which had been elongated several hundred per cent were 
found to lengthen still further on crystallizing. Reinhardt found the same 
with polyvinylidene chloride, and rubber hydrochloride behaves similarly". 
It is safe to assume that all high polymers display this same tendency in 
varying degrees. 

For the purpose of explaining the mechanism of crystallization, a crystallite 
will now be defined as a small quantity of strongly oriented polymer. On 
melting, this crystallite will shorten considerably, when it will become a small 
quantity of amorphous material somewhere in the polymer, as represented by 
the cube in Figure 2. Let it be supposed that a nucleus develops in this cube, 
as the result of which the cube again crystallizes, with the molecules parallel 
to edge a, and that the cube will therefore stretch in this direction. This is 
called the autodrientation of the polymer. The elongation of the cube causes 
deformation of the surrounding material, which, consequently, continues to 
crystallize parallel to edge a, while considerable shrinkage takes place in 
directions 6 and c. As material from the surroundings has to be supplied, an 


Fis. 2.—Diagram of a eube of amorphous which stretches on crystallizi she 


orientation perpendicular to edge a is initiated, and as the result growth parallel 
to edge a comes to a standstill. There then remains a residual orientation at 
some distance, which means that nuclei are formed perpendicular to the 
direction of the first crystallite, for the velocity at which an oriented polymer 
crystallizes far exceeds that of an unoriented one. As this proceeds, the 
crystallites are formed parallel to the direction of stretch. Treloar'* thoroughly 
investigated these phenomena with natural rubber. The new nuclei generated 
by the orientation will likewise grow and the process is thus repeated. In 
this way crystallization becomes clearly autocatalytic. 


(B) THE FORMATION OF SPHERULITES 


For the purpose of explaining, on the basis of the autodrientation described 
in the foregoing sections, how spherulites come into existence, it will be con- 
venient to consider crystallization in a thin film, in which the crystallites lie 
in one plane (Figure 3). 

Crystallite A leads to the formation of crystallite B, after which C and 
D come into existence. These crystallites can now continue to grow and, by 
reciprocity, will largely compensate the stresses set up by this growth. A 
spherulite formed in this way consists of at least four sectors which mutually 
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form angles of about 90°. In a given position, a spherulite of this kind is 
quite dark between crossed nicols; the crystallites are then parallel or per- 
pendicular to the directions of the polarizer and analyzer. When the specimen 
is rotated through an angle of 45°, the spherulite becomes completely light. 
With a gypsum plate of red of the first order, addition is seen in two opposite 
sectors and subtraction in the two others. These simple ‘‘square” spherulites 
have actually been seen in gutta-percha on crystallization at 45° C (Figure 4). 
Normal spherulites are formed during crystallization at room temperature, 
when there is a greater tendency to crystallize and the developing structures 
are not so ideal. A number of crystallites will be formed at large angles until 
a favorable configuration has developed at the periphery, enabling the crys- 
tallites at the site to compensate each other’s stresses in their further growth. 


iti 


Fie. 3.—Diagram of the growth of a ‘“‘square”’ spherulite. 


This compensation may take place at a considerable distance, for the spherulites 
easily attain a size amounting to several tens of microns. 

If films of strongly crystalline polymers, such as polychlorotrifluoroethylene, 
polyethylene, or gutta-percha, crystallize under the microscope between 
crossed nicols, the field becomes uniformly grey just before the spherulites 
come into existence. There is apparently very active nucleus formation in 
these polymers, and many randomly oriented small crystallites are formed. 
They can, however, only continue to grow in relative positions favorable to 
the mutual compensation of stresses, and it is here that the centers of the 
spherulites are generated. The ambient crystallites will either be destroyed 
or be oriented in the correct direction and absorbed in the spherulite. 

When a polymer is refrigerated to below a certain temperature, the crystal- 
lites become too stable to permit the formation of spherulites, a fact which 
has emerged predominantly from the experimental work of Price’. Under 
these circumstances, the crystallites remain small and randomly oriented. 


: 
‘ 
—— 
= + 
' 
EE 
gp 
| 
A c 
Oo 


378 RUBBER CHEMISTRY AND TECHNOLOGY 


The above explanation also falls into line with the fact noted by Price 
that the growth of the radius of the spherulites is constant; in other words, 
crystallization is not governed by diffusion. 

The essential point is the autodrientation of the molecules. All polymers 
exhibit this mechanism ; hence all crystallizing polymers have a strong tendency 


Fia. 4. Premed a at 45° C, between crossed nicols. When the specimen is rotated 
through 45°, the ‘ "” spherulite becomes dark in its entirety. Magnified 600 X. 


to generate spherulites. It is obvious that, in principle, the same thing 
happens in space. There the deformations of the various sectors compensate 
each other in the spherical configuration. 


DIFFERENCES BETWEEN INDIVIDUAL SPHERULITES 


Normal spherulites are always obtained when a polymer crystallizes far 
below the melting point, but, with crystallization at temperatures in the 
neighborhood of the melting point, spherulites are found which differ from 
each other in a marked degree, according to the conditions and the nature of 
the polymer. 


Fie. 5- Fro a. ently ofa roy which is formed if there is some degree of orientation in the amorphous 
material. Only the and the hyperbolas are visible between crossed nicols. The arrows show the 
direction of the gulesiear and analyzer. 


We do not yet know enough about high polymers to be able to tell why, 
under certain conditions, a given type of spherulite should come into existence. 
We shall, however, consider some of these exceptional spherulites, when it 
will be seen that their formation is compatible with the general mechanism. 
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(1) Even after crystallization at room temperature, spherulites with a 
cross, the arms of which were of unequal thickness, have been seen in gutta- 
percha and polyethylene. When the specimen is rotated through 45°, the 
cross separated into two hyperbolas (Figure 5). Assuming that some orien- 
tation existed in the polymer prior to crystallization, the sectors tend to develop 
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Fia. 6. “oo Fig. 7.—Sketch of the position 
between crossed nicols. Magnified 100 of the crystallites in 6. 


in the direction of this orientation. Thus the spherulites take on a con- 
figuration exhibiting the behavior described above. In a specimen within 
which some degree of orientation prevails, all the spherulites are arrayed with 
their longitudinal axis parallel to the direction of the orientation. The 


exposures of this phenomenon were too indistinct to be reproduced and a 
diagrammatic e«etch will, therefore, have to suffice. The cross and the hyper- 
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Fig. 9.—Sketch of * ition 
of the crystallites in 8. 


bolas represented in Figure 5 are actually visualized. The direction of the 
orientation of the crystallites is indicated by the dotted lines. 

(2) When gutta-percha crystallizes at 48° C, spherulites of dendritelike 
structure are formed (Figure 6). There is no axial cross and, with a gypsum 
plate of red of the first order, the picture presented is one of alternating small 
contiguous sectors with subtraction and addition. An arrangement of the 
crystallites in accordance with Figure 7 would account for spherulites of this 
kind. The crystallites reciprocally form right angles, as has been suggested. 
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oil at 42° C, between crossed nicols. 
oe 


380 RUBBER CHEMISTRY AND TECHNOLOGY 


The outward appearance is very regular and the spherulites are uniform. 
Hence, at low temperatures, normal spherulites are formed in gutta-percha 
(Figure 1), while at high temperature they are as shown in Figure 6. In the 
remaining range from approximately 35 to 45° C, several types of spherulites 
are usually found in the same specimen, as, for instance, in Figure 4. 

(3) A curious picture is sometimes presented by gutta-percha, mixed with 
three times the quantity of paraffin oil, on crystallization at 42°C. Spherulites 
with certain definite layers can be observed, as shown in Figure 8. With the 
gypsum plate, the layers in one sector are seen to exhibit alternate subtraction 
and addition. The position of the crystallites in the spherulite, as suggested 
in Figure 9, would explain this pattern. Even without paraffin oil, definite 
layers have sometimes been noticed in spherulites of gutta-percha, in which, 
as a matter of fact, the molecules were normally oriented perpendicular to the 
radius. Admittedly, it was rather indistinct. 

In the experiments with gutta-percha, the question as to whether it was 
crystallized in the a or 8 modification was disregarded, since this was considered 
to be of secondary importance in this particular investigation. 
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Fie. 10.— ylene ae pred ee Fre. 11 prem ges of the sectors of the rings in 
talent 70°C. — remain visible if the light is 
fied 600 x. in of the arrow. 


(4) On crystallization at high temperature, polyethylene produces spheru- 
lites which are manifested by dark circles (Figure 10). Keller has seen these 
spherulites”. It appears, however, that the rings are also visible in unpolarized 
light. Under the microscope, only those sectors of the rings are seen with 
polarized light which are more or less parallel to the direction of vibration 
of the polarized light (Figure 11). As the refractive index of the crystallites 
only differs markedly in the longitudinal direction from that of the amorphous 
phase, Figure 11 becomes perfectly comprehensible if the spherulite consists 
of strongly crystalline layers in which the molecules are oriented in the normal 
way, perpendicular to the radius of the spherulite. 

(5) The spherulites in polyethylene terephthalate made a particularly 
striking impression because the axial cross consisted of zigzag lines. At a 
certain temperature, Keller obtained spherulites showing a normal axial cross, 
but pointing in directions diverging by 45° from those of the analyzer and 
polarizer, with dark rings in the light sectors. This picture would be obtained 
if the spherulites were built up of layers of crystallites forming an angle with 
the radius of the spherulite. A normal axial cross, but rotated 45° relative 
to the directions of the analyzer and polarizer, appears if the crystallites are 
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arranged as shown in Figure 12. With smaller angles, the zigzag lines appear 
(Figure 13). 

When studying these spherulites which are formed at the higher tem- 
peratures, we cannot fail to notice that usually the crystallites preferentially 
arrange themselves at right angles to each other. Whereas normal spherulites 
are formed at room temperature, when long-distance compensation of the 
tensions takes place we see that, at higher temperatures, crystallites which are 
oriented at right angles to each other are in each other’s immediate vicinity. 
Under these circumstances, therefore, the tensions are compensated for at 
short distances. It is reasonable to suppose that the compensation is then 
more complete. 

It is assumed that, far below the melting point, i.e., under definitely non- 
equilibrium conditions, autoérientation completely controls crystallization. 
That is why, under these conditions, all high polymers produce spherulites of 
approximately the same configuration. In the neighborhood of the melting 


Fig. 12.—Diagram showing the tion of the Fre. 13.—Diagram showing the position of the 
ites i lyethylene thalate crys- tallites i le Lerephthalate 


point, on the other hand, at which the conditions of equilibrium are more 
nearly attained, it would seem that other factors may come into play, though 
we do not know for certain what these factors are. Possibly the reduction in 
volume by a few per cent which takes place during crystallization may exert 
some influence. Moreover, shrinkage is not equal perpendicular to a crystallite 
in all directions. Other likely factors are the viscosity and heat of fusion of 
the polymer, the pliability of the molecules, and the shape of the crystallites. 


THE CRYSTALLIZATION OF NATURAL RUBBER 


Natural rubber is one of the most thoroughly studied of all crystallizing 
polymers and it is, therefore, with reference to natural rubber that the cor- 
relation of the autodrientation mechanism with published investigations will 
be discussed. 

(1) Typical S-shaped curves are invariably found if the quantity of crys- 
talline material in natural rubber is plotted against time. This means to say 
that crystallization consists of an induction period, a period of increasing 
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crystallization velocity up to a constant value, and finally a slowing-down, 
owing to depletion of the quantity of amorphous material. Russell'® wanted 
to measure separately the speed of nucleus formation and that of nuclear 
growth, but found that the product of maximal rate of crystallization and 
induction period was virtually constant. From this Russell inferred that 
there must be a common factor which affected both nuclear growth and the 
formation of nuclei. The autodrientation mechanism implies that nuclear 
growth results in the generation of nuclei; hence, with increasing rate of 
crystallization, the formation of nuclei is accelerated and, consequently, the 
induction period is shortened. In the result, the product of the maximal rate 
of crystallization and the induction period becomes approximately constant. 

(2) Bekkedahl and Wood?’ state that the lower limit of the melting range 
of rubber is higher by about 5° C than the temperature at which the rubber 
crystallizes. If the rubber is crystallized at higher temperature (20° C), this 
difference in temperature increases to as much as roughly 10° C. 

The explanation for this is that the first crystallites are formed in wholly 
amorphous rubber. The crystallites formed subsequently balance the tensions 
set up by the first crystallites, so that ultimately a structure results with far 
less tension. Hence the crystallites stabilize each other and, as a result, the 
melting point is eventually raised. It will be evident that the more completely 
the tensions cancel each other out, so much the greater will be this effect. 
That is why a greater difference of temperature is found at higher temperature. 
At the same time we now know why a rubber always crystallizes under condi- 
tions of nonequilibrium. 

The fact that the size of the range of melting temperatures remains ap- 
proximately constant fits into this picture remarkably well. The better the 
tensions are balanced and the greater the mutual stabilizing effect of the 
crystallites, so much the higher will be the end melting point. 

(3) Rubber in latex does not crystallize, as Bekkedahl'* was the first to 
show. This was investigated further by van Amerongen”. A latex of 60 per 
cent rubber content was stabilized with a nonionogenic emulsifier. Enough 
sulphuric acid was then added to transform the water phase into sulfuric acid 
of 30 percent. This acid does not alter the chemical constitution of the rubber. 

It was then found dilatometrically that, at —15° C, no crystallization had 
taken place at the end of three weeks. On the contrary, dry rubber crystallizes 
at this temperature in a few hours. 

Hitherto, no satisfactory explanation had been advanced to account for 
this, but the answer is not too far to seek if the relation between the size of 
a spherulite and of a latex particle is considered. The diameter of latex 
particles is at most 2 microns, whereas spherulites easily attain a size of 50 
microns. Thus spherulites have a volume thousands of times larger than 
that of latex particles. Admittedly, one individual latex particle may crys- 
tallize if by chance a nucleus is formed in it, but this does not affect the nuclear 
formation in other particles. The autocatalytic character of the crystallization 
is, therefore, lost and the induction period is considerably lengthened. This 
is the cause of the enormous retardation of crystallization in latex. 

From this view it may be assumed that a polymer will not crystallize if 
it is so finely divided that there is little likelihood of nuclear formation in an 
individual particle. 

(4) Treloar'® found that, contrary to observations made on thin films 
made from solution, the rate of crystallization of a film from latex is not very 
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reproducible. This, too, can be explained if it be assumed that the indivi- 
duality of the latex particles is somewhat preserved during film forming, 
owing to which the mechanism of crystallization is interrupted, though less 
so than in the original latex. 

It will be clear from the foregoing that the conception of autodérientation 
mechanism helps to explain several phenomena that happen during the crys- 
tallization of natural rubber and to coordinate them. In a qualitative sense, 
other high polymers resemble natural rubber in many respects, but on the 
whole we know less about them. 


SYNOPSIS 


In this article a concept of the mechanism of crystallization is given, on 
the basis of which, the origin of spherulites may be explained. A tentative 
explanation of several related phenomena is based on the new concept. Crys- 
tallites are conceived to be small collections of strongly oriented polymer 
which, on fusing, exhibit marked shrinking in the direction of orientation. 
Particles of amorphous material therefore stretch out in a certain direction 
during crystallization, as the result of which there is substantial contraction 
in the other directions. This is termed autodrientation. As the growing 
crystallite has to be fed from surrounding material, an orientation is initiated 
in the latter at right angles to the first crystallite. As a result of this orienta- 
tion, crystallites are formed there which are oriented perpendicular to the first 
crystallite. In their turn, these crystallites induce orientation in the surround- 
ings, and in this way crystallization becomes autocatalytic in character. 
Spherulites owe their origin to the fact that the various sectors in a symmetrical 
spherical order mutually cancel out their stretching and shrinking tendencies. 
In highly crystalline polymers with rapid nuclear formation, there first comes 
into existence numerous randomly oriented nuclei, which proliferate to small 
crystallites. Wherever these small crystallites come to be arranged in a 
suitable position, their relative tensions are cancelled out and they grow into 
a spherulite. Simultaneously small crystallites which are in an unfavorable 
position are consumed by the growing spherulite, or else oriented in the correct 
direction and incorporated. As spherulites commonly measure from 10 to 50 
microns, compensation between the tensions of the various sectors has to take 
place at long distances. At higher temperatures, compensation is, as a rule, 
found at short distances, i.e., crystallites which are at right angles to each other 
are in close proximity. Therefore spherulites varying individually come into 
existence as the crystallites are subject to other influences in addition to 
autodrientation. At very low temperatures the primary small crystallites 
are too stable to develop into spherulites. The mechanism of crystallization 
as thus conceived implies that the melting point of a polymer depends, not 
only on the dimensions and perfection of the crystallites, but also on the 
specific arrangement of the crystallites, i.e., the degree to which they stabilize 
each other by mutual compensation of tensions. It also helps to explain the 
following facts which have been noted in experiments performed with natural 
rubber: (1) The typical S-shape of the crystallization curve and the constancy 
of the product of induction period and maximum rate of crystallization. 
(2) The fact that natural rubber always crystallizes under nonequilibrium 
conditions. (3) The failure of rubber in latex to crystallize and the fact that 
the rate of crystallization in films produced from latex is poorly reproducible. 
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MECHANICAL INVESTIGATIONS OF ELASTOMERS IN 
A WIDE RANGE OF FREQUENCIES * 


WLADIMIR PHILIPPOFF 


Tae Franxurn Institute LasoraTortes FoR ReseaARcH AND DEVELOPMENT, 
PENNSYLVANIA 


INTRODUCTION 


Many experimental investigations have shown that plastics in general, as 
well as elastomers and their solutions, do not behave like Newtonian liquids. 
They both have viscosity and elasticity, the combination of which, according 
to the Maxwell postulate, causes their properties to be dependent on time, and 
leads us to call them viscoelastic bodies. This dependence does not exist, 
either for the Newtonian liquid whose mechanical properties are determined by 
its viscosity, or for the elastic body whose properties are determined by its 
elasticity. The time element introduces a peculiar difficulty in measuring the 
mechanical properties of these substances. Whereas the well-known Maxwell 
body describes this time dependence in simple mathematical expressions, it 
does not apply to the experimental results. The properties of viscoelastic 
bodies are not described by a Maxwellian body, but rather by a distribution of 
an infinite number of Maxwellian bodies, each having a so-called relaxation time. 

The existence of this infinite distribution calls imperatively for an investiga- 
tion of the properties of these viscoelastic bodies in as wide a range of frequencies 
or times as possible in order to define them. Most investigators have used one 
method in a range of frequencies no wider than about 1 to 100. This range can 
be extended by using the observation of Ferry! that the properties of viscoelastic 
bodies investigated at different temperatures, in the case of dynamic investiga- 
tions with sinusoidal vibrations, seem to be described by shifting one standard 
curve on the frequency axis. One can superimpose measurements at different 
temperatures and extend the range of frequencies to about 1 to 1,000,000. But 
using Ferry’s method of reduced variables necessitates some assumptions that, 
though very probable, have as yet not been proven exactly by experiments. 
It therefore seemed important to have a method for investigating the mechan- 
ical properties of viscoelastic bodies in a frequency range of about 1 to 1,000,000 
under isothermal conditions. This paper describes a basic method ‘and the 
results obtained for several 


PRINCIPLES OF OPERATION 


| ‘In order to measure the viscosity and elasticity of viscoelastic bodies in a 
wide range of frequencies, it is profitable to use an arrangement that allows the 
frequency alone to be changed, while using one sample throughout the investi- 
gation. It is well known that the size of the sample affects the pure geometry 
of mechanical strains for higher degrees of deformation and that the geometry 


* Reprinted from the Journal of Agolied Phasies, Vol. 24, No. 6, pages 685-689, June 1953. This paper 
was presented at the 24th Annual Meeting of the Society of Rheology, held at the Franklin tute, 
Philadelphia, October 30-31, 1952. 
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is not always exactly known. Using as gle specimen, we at least know that 
the geometric corrections are constant throughout the investigation, even if they 
influence the absolute values measured. This degree of incertitude is not ex- 
tremely important; the mechanical constants of viscoelastic bodies always vary 
within a certain range due already to some variation in composition or molecu- 
lar weight, and cannot be considered as absolute physical constants of the sub- 
stance like density, etc. 

At the start of this investigation it was deemed important to work with 
forces and deformations not infinitely small, but in the range of those encount- 
ered in practice. This is also important should one want to investigate the 
nonlinear mechanical properties of viscoelastic bodies. Simple shear gives the 
most linear relationships of all the methods of stressing, especially with elasto- 
mers which allow a high degree of elongation. Furthermore, stresses in simple 
shear are nearly uniform throughout the sample. 

To investigate elastomers in a wide range of frequencies, we can use the 
stress-relaxation method or an investigation under cyclical vibrations. The 
stress-relaxation method as used by Tobolsky and his associates? allows a 
practically infinite range of times, but it gives only one quantity: the time- 
dependent modulus of elasticity. An investigation with cyclical vibrations 
allows us to measure two quantities: the dynamic modulus of elasticity, and a 
quantity proportional to the losses of the system. This latter can be described 
as the viscosity, », or the imaginary part of the shear modulus of elasticity, 
» X w, where w is the circular frequency of the vibrations. In the case of de- 
formational shear vibrations, the quantities are the dynamic shear modulus G’ 
and the dynamic loss modulus G” = wy. Using vibrations in a wide range of 
frequencies practically eliminates resonance methods, because the resonant 
frequency depends on the square of the mass for a constant sample, and a fre- 
quency variation of 1 to 1,000,000 would require a variation of the mass of 1 to 
10-*. We therefore selected a nonresonant method. From the discussion of 
reduced variables, it is clear that in the investigation of elastomers it is not the 
value of the frequencies but the range of frequencies that is important. 

These basic principles of operation are (1) large range of frequencies, (2) 
large deformations or forces, and (3) nonresonant method—lead us to the 
method of the hysteresis loop, i.e., the dependence of deformation on the force 
for harmonic shear vibrations. The method has been used by several investiga- 
tors beginning with Schmidt? in 1923. 


SAMPLE 


The sample consists of two 1X1 X} inch pieces of the material to be in- 
vestigated, sandwiched between three brass plates 1} X1}Xjinch. The bond 
between the sample and the plates, in the case of filled rubber, is formed by vul- 
canization. In the case of soft rubber, polyvinyl chloride and Thiokol, the 
adhesion is so poor that a suitable cement had to be used. The corrections to 
the calculated values for the finite size of the sample, using formulas for an 
infinite sample, are about 5 per cent according to Read‘. The maximum double 
amplitude used was about 1000 microns, or about 8 per cent maximum de- 
formation. 

The middle plate of the sample sandwich was mounted in a frame connected 
through a dynamometer to a reciprocating part, which gave the sinusoidal 
motion, whereas the two other plates were solidly clamped to the machine. 
It is obviously a stressing under simple shear. 


7 
| 
Hi 
4 
REE 
= 
_ 


MECHANICAL INVESTIGATIONS OF ELASTOMERS 


METHOD OF STRESSING 


Stresses are provided by an adjustable double cam with a throw between 0 
and 4000 microns double amplitude, which could be driven between 13 and 
0.000006 cps, giving a range of slightly over 1 to 2,000,000 in frequency. Be- 
yond 13 eps, the system began to be mechanically unstable (unwanted resonant 
frequencies being excited), whereas the lower frequencies required such long 
times as to be inconvenient. All the bearings were sleeve bearings, rather than 
ball or roller bearings, to eliminate any possible periodic disturbance. The 
sample was placed in a liquid bath that could be electrically heated up to 75° C 
or cooled in a cold room to —30° C. Results reported here were obtained at 
room temperature (about 25° C or 77° F) without using the temperature control. 


SENSITIVE ELEMENTS 


The force was measured by a dynamometer between the driving member and 
the frame carrying the sample. The deformation of a steel ring was measured 
by a Schaevitz (type 040) linear-variable differential transformer. The move- 
ment of the frame was picked up by a second linear-variable differential trans- 
former, type 080. The range of forces with one dynamometer was between a 
few grams and 10 kilograms double amplitude. The range of deformations 
was between 10 and 1000 microns double amplitude. This gives a very great 
range of measurable viscosities, amounting to about 1 to 1,000,000, i.e., from 
to 10" poises. 


ELECTRONIC EQUIPMENT 


Both differential transformers were excited by a 4 volt, 1600 cycle, stabilized 
frequency generator. The output of each differential transformer after passing 
the gain control was amplified and rectified through a phase sensitive bridge 
and low-frequency bypass filter in the usual manner. Both circuits were en- 
tirely symmetrical so that the electronics did not introduce any amplitude or 
phase errors in the range of frequencies investigated. The outputs of the filters 
were fed to the z and y plates of a Du Mont 304-H oscilloscope and photo- 
graphed by a Du Mont land camera. The amplitudes of the axes were regu- 
lated by the gain control, using the amplifiers at constant output, so that the 
trace could be well measurable on the oscillostspe screen. Absolute measure- 
ments were made possible by using a switch step potentiometer (attenuator) 
excited by the same voltage as the transformers, which was directly calibrated 
in kilograms and microns by putting on loads or motions in the instrument and 
comparing them to the electrical amplitudes determined by the attenuator. 
Motion at various frequencies was produced by a synchronous motor of 3600 
rpm, which drove the cam through a series of pulleys and worm-gear boxes. 
The low frequencies were calculated from the known gear ratios and the higher 
frequencies were measured by stop watch and revolution counter. 


GENERAL ASSEMBLY 


The specimen holder with the cam and the sensitive elements, together with 
the temperature bath, were mounted on a 1600-pound cement block, which 
itself was isolated by steel springs from a concrete pier sunk into the ground. 
The electronic equipment, the worm drives and other gears were shock- 
mounted on a table and only connected with the instrument by a rubber v-belt, 
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thus eliminating the transmission of disturbing frequencies during the measure- 
ment as far as possible. This was important, especially in measuring over long 
times or measuring very stiff substances with only a few microns double ampli- 
tude or very low forces below 100 grams. The temperature bath was heated by 
an immersion heating element and cooled by a copper coil with water. 


RESULTS 


Figures 1 through 4 give the results for a number of elastomers. Figure 1 
summarizes the results for the National Bureau of Standards sample of poly- 
isobutylene that had been investigated by a number of laboratories. Our 
values amplify the frequency range by about two decades at the lower end, and 
especially important is the strongly defined minimum of the loss angle vs fre- 


LOG W 


quency. The values are concordant with the ones obtained by stress relaxation 
or by other methods. The rise of the loss angle with diminishing frequency 
indicates that at some still lower frequency the polyisobutylene will behave as a 
Newtonian liquid, i.e., it will flow with a constant viscosity. 


0.08 
@.0000: 0.000! 0.00: 0.0! 1.0 10.9 8610008 
FREQUENCY (CPS) 


Fie. 2.— dependence of shear modulus, natural rubber. @’ is the 
modulus; @” is the dynamic lous 


Figure 2 shows the measurements on vulcanized rubber gum. The values 
obtained by Nolle* at high frequencies for a similar composition of rubber gum 
are concordant, so that, with the combination of both methods, a continuous 
range of values from 0.000006 to about 5000 cycles is available. The moduli of 
elasticity measured by Nolle were divided by three to be compared with the 
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shear modulus measured in this work. The losses of gum rubber are very 
similar to these of Nolle, except for the absence of a sharp downward trend that 
he obtained, which was probably at the limit of application of his methods. 
The losses at low frequencies, below 0.003 cps, could not be measured ; the gum 
rubber below these frequencies behaved like an ideal elastic body with losses 


well below 1 per cent. 
= 


Fie. 3.—Natural rubber—tread stock. @’ is the ic shear 
modulus; G” is the dynamic shear loss modulus. 


Figures 3 and 4 show the results for a natural-rubber tread and a cold-rubber 
tread stock*. Both the modulus and the losses are frequency-dependent. 
Values in the higher frequency range were obtained by putting our specimen in 
a Gehman’ tester, where it was stressed in exactly the same way: simple shear. 
Figure 5 presents the results for a blend of Thiokol* and shows at 25° C essenti- 


0.0001 0,00: 0,00: O01 1.0 10.0 100.0 1000.0 
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Fie. 4.—Cold stock. G’ is the shear modulus; 
is the dynamic shear loss modulus, 


ally the same behavior as other elastomers. At higher temperatures Tobolsky 
and Stern’ have obtained a behavior very similar to that of Maxwellian bodies. 
This is definitely not the case at 25° C. 

Measurements of the properties of the viscoelastic bodies at different am- 
plitudes of vibration showed that apparently the amplitude does not influence 


@.0000! 6.000! 0.00! 0.08 or 10 10.0 100.0 
FREQUENCY 


Fra. 5.—Frequency dependence of shear modulus, Thiokol H-5. . is the dynamic 
shane ssedules; @” is the dynamic shear loss modulus 
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the viscosity to any measurable extent beyond the inherent error limit of the 
machine. The modulus G’ and tané = G’’/G@’ have possibly a small amplitude 
dependence, resulting in the modulus being smaller at higher amplitudes and 
tan 6 increasing, but the effects are comparatively very small, especially con- 
sidering the influence of frequency on these properties. It is interesting to note 
that if viscosity, which in itself is frequency dependent, does not appreciably 
depend on amplitude, then it is not the rate of shear that causes changes but 
rather the frequency that is the most important factor in determining the vis- 
cosity of elastomers. 


DISCUSSION 


All the experimental curves except the one for the shear modulus of natural 
gum rubber are frequency dependent. They are extremely flat in a frequency 
range of at least 1:10. This substantiates very well the difficulties of investi- 
gating viscoelastic bodies mentioned in the introduction. For similar curves, 
Kuhn and Kuenzle” in 1946 developed a theory that was subsequently called 
“box distribution”’; they assumed that the probability of a partial shear modu- 
lus dG’/dr for a mechanism with a relaxation time 7 was 


dG’/d\nr = b/a*® = const. 


This idea, after adequate mathematical treatment modifying somewhat the 
original formulas, led to the following expressions for the frequency dependence 
of dynamic modulus G’ and G” and the loss angle cot 6 = G’/G”: 


1 a—Inw 
a) 


1/G” = (2/rb)(a — Inw)? 
cot 6 = (2/r)(a — Inw) 
These formulas are valid under the simplifying assumption 


(a — Inw)? 

In Kuhn’s case this was true to a large extent. But in some of our samples this 
was not the case. We have, therefore, calculated the second approximation of 
the formulas for values 0 <2z< 1. The first approximation is valid until 
x = 0.3 with an error of 10 per cent. For higher values of z, the 1/G’ values 
are higher than the ones of the first approximation. 

Physically, a determines a ‘“‘high frequency cutoff” of the distribution func- 
tion, eliminating any shorter times above the frequency fo or time To: 


[a = In = In (1/10) ] 


Measurements of Kuhn and Kuenzle in a very limited range of frequencies 
indicated that such a relationship could exist. Our measurement in a much 
wider range of frequencies can give a closer check of these relations. By plot- 
ting the reciprocal dynamic shear modulus over log f, one should expect, accord- 
ing to (1), linear relationship. As is seen in Figure 6, this is indeed the case for 
all the elastomers investigated. One has, therefore, to consider the assump- 
tions made by Kuhn as to the distribution of the relaxation times to be valid for 
these elastomers in an extremely wide range of frequencies. This is not the 
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case for the polyisobutylene, which at very low frequencies approaches the be- 
havior of a liquid. 

The validity of the relationships of Kuhn leads to unexpected results. 
Under no condition can the “true value” of the static shear modulus of an 
elastomer be found, since the dependence on the logarithm of the frequency 
does not warrant a limiting value at any frequency. There are not yet any 
indications that this statement could be modified for a range of frequencies 
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Fie. 6.—Plot of 1/@’ vs. logf to test the Kuhn equations. 


above or below the one investigated. Of course some limitation as to the limits 
of the validity of Equations (1) to (3) should exist, but in any case in the lower 
frequency range no deviations have been found. At the lowest frequencies in- 
vestigated, the elastomers behave neither as pure elastic bodies nor Newtonian 
liquids. The viscosity as calculated from G” has roughly the hyperbolic de- 
pendence on frequency as expected by Kuhn. There is no particular value of 
viscosity and elasticity that could be assigned to the elastomer except, perhaps, 


TaBLe [ 


1 
zp at 
atw=l1 
5 cps b a To fo 
Sample (em.?/kg.) (em.*/kg.) (kg./em.*) (sec.) (eps) 


Natural-rubber tread 0.0430 691.2 29.71 1.25 1.62810" 
Cold-rubber tread 0.0603 267.0 16.02 1.100107? 1.151108 
Thiokol 0.0240 586.5 14.06 7.82 1.943105 
Polyviny] chloride 0.0345 4 250.0 8.625 18 X10 8.95 x10? 
U 1913 natural 
Polyviny] chloride 0.0173 } 226.0 391 20 X10? 7.95 
U 1920 clear 


the one at w = 1 (f = 0.159 cps or Inw = 0). For Kuhn’s relationships to be 
valid further requires that the properties depend on only two constants, a and 
b, that occur in different combinations in all the formulas. It is essentially 
immaterial which particular method one uses in order to determine these 
constants. This fact is very important, for it makes it possible to describe the 
viscoelastic properties of elastomers, for which the Kuhn relations hold, by only 
two constants. A tabulation of these constants for our elastomers is given in 
Table I. 


2 
» 
0.1 
~ 
E> 
= 


392 RUBBER CHEMISTRY AND TECHNOLOGY 


The practical value of the results obtained by this investigation is obvious. 
Because the mechanical constants of elastomers depend so much on the fre- 
quency of stress, it is clear that one has to measure these constants at the same 
frequencies that occur in practice; i.e., if the elastomer is to be used in shock 
absorbers, the elastic constants have to be measured at frequencies between 
roughly 3 and 50 cps. Should the application be in gaskets under steady load, 
measurements at very low frequencies, such as 1 cycle per day, are necessary. 
The susceptibility of the mechanical properties to changing frequency are 
different for each elastomer, and range from zero in the case of natural gum 
rubber up to a change of about 1 to 10 for the polyvinyl product. Thus it is not 
possible to use a constant factor with which the value of (say) shear modulus at 
any one frequency should be multiplied in order to get its value at any other 
frequency. What the actual conditions are can be ascertained only by expand- 
ing these investigations to get results for a larger number of different plastics, 
probably also using different temperatures. 


SYNOPSIS 


A method has been found for measuring the shear moduli and losses of 
elastomers in a range of frequencies of about 1 to 10°, and from 10 cps down. 
This method provides for large cyclic shear stresses and deformations without 
employing resonance methods. Only one sample is needed for the complete 
study, the frequency of stress being the only variable. The method gives re- 
sults that fit the “box-distribution function” developed by Kuhn and Kuenzle. 
Results for a series of elastomers show that such investigations are important in 
ascertaining the mechanical properties of elastomers in practice. 
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STUDY OF THE VISCOELASTIC BEHAVIOR AND 
MOLECULAR WEIGHT DISTRIBUTION 
OF POLYISOBUTYLENE* 


KensaL E. Van Houpe J. W. WILLIAMS 


DEPARTMENT OF CuemisTRY, UNIveRsITY oF WISCONSIN, MApIson, WISCONSIN 


INTRODUCTION 


The viscoelastic behavior of linear high polymers has commanded con- 
siderable attention in recent years. The very thorough studies by Fox and 
Flory! of the melt viscosity of polystyrene and polyisobutylene, the stress 
relaxation experiments of Tobolsky and coworkers’, and dynamic-mechanical 
studies by Ferry* have contributed greatly to our knowledge of the mechanical 
behavior of these interesting substances. 

However, there are many facets of this subject which have not received 
thorough experimental investigation. In particular, there has been no detailed 
study of the effect of molecular weight and polydispersity on the elastic be- 
havior of viscoelastic materials. It was felt, therefore, that a study of the 
viscoelastic behavior of a series of very carefully characterized samples of a 
representative linear high polymer would contribute substantially to the 
understanding of this subject. The polymer chosen was polyisobutylene, 
which displays both flow and elastic behavior at room temperatures. 


PREPARATION OF POLYISOBUTYLENES 


The polyisobutylenes used were prepared from three whole polymers‘, and 
in order to obtain a series of polymers of varying degrees of polydispersity 
(that is, both narrow and broad molecular weight distributions) part of each 
whole polymer was fractionated, using fractional precipitation by acetone from 
2 per cent solutions in benzene, as described by Fox and Flory’. The pre- 
cipitated samples were dried to constant weight in vacuo at 70° C. The 
fractionation scheme is best described by Table I. 

Several comments may be made regarding Table I. In order to obtain 
as much variation in polydispersity as possible, only a few fractions of each 
material were taken; some of these were then refractionated. Since so few 
fractions would be of little use in calculating a molecular-weight distribution, 
no attempt to accurately measure the amount of material was made. 

The capital letters in parentheses in Table I are the code letters which will 
henceforth be used to identify the samples. This code makes no distinction 
between ‘‘whole polymers” and “fractions,’’ which would only be misleading 
in a fractionation of this sort. Indeed, as will be subsequently shown, many 
of the “fractions” are quite polydisperse. 

The numbering of the polyisobutylenes is, generally, in the order of in- 
creasing molecular weight. 


* Reprinted from the Journal of Polymer Science, Vol. 11, No. 3, pages 243-267, September 1953. The 
peeoens address of K. E. Van Holde is the Pioneering Research Division, Textile Fibers Department, 
perimental Station, E. I. du Pont de Nemours & Co., Wilmington, Delaware. 
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TaBie I 
FRACTIONATION OF POLYISOBUTYLENES 


Whole ers 
(Esso Fractions 


LMH LMH reppt. (A) 
 B-40-1 (B) 


rept. (E) 


B-40 (C) 


6) 
B60 (H) B-60-3-1-1  (K) 


B-60-3-1 (I) 
B-60-3-1-2 (L) 
B-60-3-2 (J) 


CHARACTERIZATION OF POLYISOBUTYLENES 


Ideally, the characterization of a polydisperse high polymer would include, 
in addition to a precise chemical analysis of the material, an exact knowledge 
of its molecular-weight distribution. While the latter is very difficult, if not 
impossible to attain at the present time, any experimental technique or tech- 
niques which yield several average molecular weights will give some information 
as to the general shape of the distribution function. Sedimentation equilibrium 
is a method admirably suited to this problem, in that each experiment yields 
three, and sometimes more, average molecular weights. We do not propose 
to discuss here the general theory of sedimentation equilibrium; the reader 
is referred to the extensive literature on the subject, particularly the treatise 
of Svedberg and Pederson‘, and the series of papers by Wales and coworkers’. 

In order to use the sedimentation equilibrium method to characterize the 
polyisobutylene samples, it was first necessary to select a suitable solvent and 
determine several constants for this solvent-solute system. The solvent 
chosen was 2,2,4-trimethylpentane, more commonly known as isooctane. 
Three liters of isooctane* were redistilled through an 18-plate column, and the 
fraction boiling between 98.0 and 98.2° C at 720 mm. was retained. 


PARTIAL SPECIFIC VOLUME 


Since the sedimentation of a macromolecular solute depends on the partial 
specific volume of that solute in the solvent used, it was necessary to determine 
this quantity for polyisobutylene in isooctane. The partial specific volume 
was obtained from measurements at 25.00 + 0.01° C, of the density of the 
solvent and two solutions, one containing 0.004568 g./g. of polymer C, the 
other containing 0.007002 g./g. of polymer H. These measurements were 
made in a capillary pycnometer fashioned from a 25-cc. Erlenmeyer flask. All 
weighings were with calibrated weights, and air buoyancy and vapor correc- 
tions were made. The density of pure isooctane at the above temperature 
was found to be 0.6875 g./cc., in good agreement with the best literature 
value® of 0.6877 g./cc. The apparent partial specific volumes obtained from 
the two experiments were 1.053 cc./g. and 1.060 cc./g., respectively. Exclud- 
ing the unlikely possibility of exactly compensating variations of the partial 
specific volume with molecular weight and concentration the apparent partial 
specific volume would seem to be independent of these two variables, at least 
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in the range covered. Accordingly the partial specific volume of polyiso- 
butylene in isooctane at 25.0° C was taken to be 1.059 in subsequent caleu- 
lations. 


SPECIFIC REFRACTIVE INDEX INCREMENT 


Since a refractometric method (the Lamm scale method) was used to 
measure concentration gradients in the ultracentrifuge cell, it was necessary 
to determine the specific refractive index increment, dn/dc, for polyisobutylene 
in isooctane at 25.0° C. This was accomplished with the aid of a simple but 
sensitive differential refractometer. A glass scale, illuminated by mono- 
chromatic light (Hg green line), was photographed through a cubical glass 
cell. This cell was divided into two compartments by a diagonal glass parti- 
tion. Photographs were taken, first, with both compartments filled with 
solvent, and then with one filled with solvent, the other with solution. The 


O POLYMER G 
@ POLYMER A 


Os 
100 ce) 
Fie. 1.—An vs. C for polyisobutylene in isooctane. 


displacements of scale lines in the solution picture as compared to the reference 
picture can be shown to be very nearly proportional to the difference in re- 
fractive index between solution and solvent. These displacements were 
measured with a Gaertner microcomparator, with a precision of +0.0002 cm., 
which corresponds to a difference of +0.00001 in the refractive index increment. 
All measurements were made at 25.0 + 0.1° C, the cell being enclosed in 
an air thermostat. The instrument was calibrated with solutions of reagent 
grade sucrose, for which the specific refractive index increment is very accu- 
rately known". The refractive index increments of four solutions were 
measured, three of polymer G and one of polymer A. The results are shown 
in Figure 1. A single straight line passes through all of the points, within 
experimental error; the slope of this line gives a value for the specific refractive 
index increment of polyisobutylene in isooctane at 25° C of 0.00139 (g./100 
cc.)~, apparently independent of both molecular weight and concentration. 
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THE NON-IDEALITY CORRECTION 


In the theory of sedimentation equilibrium for a nonideal solute, as de- 
veloped by Wales", a correction is made for the deviation from Raoult’s law 
of the high polymer-solvent system in the ultracentrifuge cell. This correction 
appears as the coefficient B in Wales’ fundamental equation for the weight- 
average molecular weight at the point z in the cell: 


dc,/dz 
c2(2Ax — Bdc,/dz) 


where z = distance from center of rotation, c. = concentration at point z, 
2A = (1 — Vp)w*/RT, V = partial specific volume of solute, p = density of 
the solution, and w = angular velocity of the rotor. 

It has been shown” that the coefficient B is the same quantity which 
determines the concentration dependence of osmotic pressure and light scatter- 
ing; in fact, these methods can be used to measure B. However, it would be 
advantageous to determine B from experiments in the ultracentrifuge; Wales'* 
has shown that, in the case of negligible redistribution of solute, one can write 
the approximate relation: 


M wz = (1) 


1 1 
@) 
where M,; is the “ideal” weight-average molecular weight, that is, the weight- 
average molecular weight calculated by assuming B = 0, and ¢o is the overall 
concentration of the solution. One may thus obtain B from a series of sedi- 
mentation equilibrium experiments at different concentrations. However, as 
Wales points out, this approximation fails in the case of very polydisperse 
materials or high angular velocities. Thus it is of advantage to obtain a 
better approximation. We rewrite Equation (1): 
M wiz 
wiz 
where M,y:: = (dc,/dx)/2Azxc,. Multiplying by c.(x + 6), where 6 is the 
distance from the center of rotation to the point of convergence of the sector- 
shaped cell, and integrating over the cell, we obtain: 
Se M + 8)dx = M wizez(x + 8)dx 
+ B Se M + 5)dx + (4) 
where a and b represent the ends of the solution column. The weight-average 
molecular weight of the solute in terms of M,; is given by ™: 
So + My.cz(x + 


Me: = M wiz(1 + BezM wiz + M wis? + (3) 


(5) 
Se + cof. (x + 
Using this equation and rearranging, we obtain: 
BeOS? + 8)dz 


Mux Me (Mui)? + 
Se (x + 
M (x 6)dx 


So (x + 5)dz ©) 
+ B wiz Cz 


Se M + 5)dx 
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Now the term in brackets will be very nearly equal to one. Then: 
Bf Muis*c.? (x + 
(Mui)? + 
+ Bes M (x + (x + 6)dr] 
My CS? + 


My: 


+ Beo* (8) 


Mists (2 + (9) 


The quotient co*/co can be obtained from experimental data. If one then 
plots 1/My;: vs. co*, the slope will give B, the intercept 1/M,. This would 


seem to afford a more satisfactory procedure for correcting sedimentation 
equilibrium results for nonideality. 


SEDIMENTATION EQUILIBRIUM EXPERIMENTS 


Sedimentation equilibrium studies were made of several of the polymers 
previously described. These experiments were performed at 25.00 + 0.02° C, 
using a Svedberg low-speed ultracentrifuge. A list of the experiments is given 
in Table II. It was observed that the high-molecular polyisobutylenes 


Tas_e II 
SEDIMENTATION EXPERIMENTS 


Angular 
Experiment Polymer velocity, r.p.m. co, g./100 ec. 


approached equilibrium quite slowly; indeed, in experiment 195 (polymer J, 
M, = 14.7 X 10°) equilibrium was not reached in 14 days. In all other cases, 
equilibrium was definitely attained. 


RESULTS 


The three sedimentation equilibrium experiments with polymer E were 
used to calculate the nonideality correction B for the system polyisobutylene— 
isooctane. The results of this calculation are presented in Table III and 
Figure 2. 


397 
(7) 
or: 
where: 
| 88 4400 0.307 
1 | 
189 4500 0.148 
190 4720 0.466 
191 4360 0.202 
194 7780 0.203 
196 3500 0.241 yee 
198 3640 0.228 
199 3600 0.180 
208 3610 0.241 
: 
. 
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The slope of the plot of 1/M.; vs. co* in Figure 2 yields a value for B of 
5.4 X 10-*. Actually, a trial and error calculation shows this to be a slight 
overcorrection; the value 5.1 X 10~* gives average molecular weights more 
nearly independent of concentration. These values are given in the last three 
columns in Table III, and the 1/M,, values thus obtained are shown as the 
lower curve in Figure 2. This result (5.0 X 10~®) is in fair agreement with 


IIT 
NoNIDEALITY CORRECTION FOR POLYISOBUTYLENE IN ISOOCTANE 
g./100 c.c. 
A. 


7.80 


that from a single light scattering experiment with polymer A (4.3 X 10~°) 
and a previously reported result’ for a very high molecular-weight poly- 
isobutylene (5.6 X 10~-*). Previous experiments'® with a whole polymer did 
not yield a constant value of B; this is now believed to be a result of the ex- 
treme polydispersity of this material. A comparison of the former ultra- 
centrifuge method for determining B is shown by the dotted line in Figure 2. 
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Fic. 2.—Effect of solute concentration on apparent weight-average molecular weight. 


While the slope is about the same as given by the present method, the intercept 
is quite different. Evidence that the new method is superior is the fact that 
the viscosity-average molecular weight, M,, is in good agreement with the 
present results, but not the former. 

The results of the characterization of the polyisobutylenes are given in 
Table IV. Three average molecular weights, M., M., and M,,4; were cal- 


188 0.307 0.405 
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400 


culated for each material studied. These three averages are then used to fit 
the molecular weight distribution to a parametric form. The two functions 
which were found effective in fitting the observed average molecular weights 
of these polyisobutylenes were the Lansing-Kraemer function'*: 


1 1 M \? 
scat) amt = | aM (10) 
where: 
B = V2In (M./M,) = V2In (M./M,) = ...0<B< @ 
and: 


Mo = Mw exp {— i6*} 
and the Schulz function: 


f(M) dM = exp {- dM (11) 


where: 
b = (8M, — 2M.)/(M.— M.) —-l<b<nw 


In most cases good fits were obtained, that is, the assumed distribution ac- 
curately reproduced the observed average molecular weights. In the case of 
polymer H, it was necessary to use a composite function, an average of a 
Lansing-Kraemer and a Schulz function. The distribution functions are 
shown in Figures 3 and 4. It must be kept in mind that these are only ap- 
proximate distributions, and cannot reproduce small details of the actual 
distribution. 

If a parametric form of the molecular-weight distribution is known, it is 
a simple matter to calculate any average molecular weight. The number- 
average molecular weights (M,) listed in Table IV were obtained in this way. 


POLYMER A 
——-—— POLYMER B 
POLYMER F 
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m x 1075 
Fie. 3.—Molecular-weight distributions of polyisobutylenes. 
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mx 10° 
Fig. 4.—Molecular-weight distribution of polyisobutylenes. 


In the case of polymer A it was found possible to calculate M, directly from 
ultracentrifuge data, in the method suggested by Wales and coworkers'®. The 
value obtained was 0.71 X 105, in excellent agreement with the value cal- 
culated from the molecular weight distribution, 0.70 x 10°. 

Another means of checking the molecular weight distributions is through 
intrinsic viscosity average molecular weights. This average is defined as: 


M. = f(M) M* (12) 


where f(M) is the normalized weight distribution, and a is the exponent in the 
empirical relation [7] = KM*. It can easily be shown, by use of Equation 
(12) that the intrinsic viscosity-average molecular weights for a Lansing- 
Kraemer and for a Schulz distribution are: 


M, 1 M, . 
log log M. (Lansing-Kraemer) (13) 


M, 1 '(b + a + 2) 
log (b + 2) + 


Values of M, calculated in this way are listed in Table IV under the title M, 
(cale.). 

In order to obtain an independent check of the M, values calculated, the 
intrinsic viscosities of the various polyisobutylenes were measured in toluene 
at 30.00 + 0.05° C. For this solvent and at this temperature, Fox and Flory” 
have shown that: 


(Schulz) (14) 


[n]1.2 = 2.0 X 10-*M,°-"7 (15) 


where [n 1.2 is defined as the value of (1/c) In (n/m) at n/no = 1.2. The 
measurements were carried out in a Ubbelohde viscometer with a flow time 
for toluene at 30° C of about 275 seconds. The toluene used was redistilled 
from Baker’s C.P. material. Flow times were measured for three or four 
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concentrations of each polyisobutylene, and the data were found to fit the 


equation: 
(1/e) In (/mo) = — 0.105 [n Pe (16) 
where [7] is now defined as lim (1/c) In (9/n). 
cr 


The intrinsic viscosities, [7]:.2, shown in Table IV were used to calculate 
the M, (obs.) values given. It is seen that these are in good agreement with 
the values of M, calculated from the molecular-weight distributions. 

Instead of assuming a form for the molecular-weight distribution, one may 
use the average molecular weights to calculate standard statistical measures 
of properties of the distribution. It is apparent that the weight-average 
molecular weight will be the mean of the weight distribution, f(M). A 
measure of the polydispersity is given by the coefficient of variation, V: 


where @ is the standard deviation, and M, the mean of the distribution f(M). 
This quantity should be useful in relating other properties of the polymer to 
its polydispersity. Values of V have been calculated for each of the poly- 
isobutylenes studied, and are given in Table IV. 


VISCOELASTIC BEHAVIOR OF POLYISOBUTYLENES 


We shall consider here the behavior of viscoelastic materials under constant 
shear stress. Following the notation of Alfrey'*, we may describe the response 
of a viscoelastic substance to a constant shear stress imposed at time ¢t = 0 
by the equation: 


(y/S8) = Jo+ J(r)(1 — dr + (18) 


Here, y represents the shear strain and S the shear stress. The instantaneous 
elastic compliance is given by Jo. The second term describes the retarded 
elastic response; 7 is the retardation time, and J(r) the distribution of re- 
tardation times, that is, the compliance associated with retardation times 
between 7 and r + dr. The quantity 7 is the viscosity associated with steady 
flow of the material. 

If a material which obeys Equation (18) is subjected to a constant stress 
for a very long time, and that stress is then removed, elastic recovery will take 
place. If we now measure time from the moment at which the stress was 
removed, the recovery will be given by: 


(y/S) = fc? dr + Jo (19) 
Se J(r)dr = Je (20) 


we shall call the steady state elastic compliance. Equations (18) and (19) 
describe what we shall call the creep and recovery curves, respectively, of a 
viscoelastic material. It is apparent that such curves, obtained from constant 
stress experiments, furnish a complete description of viscoelastic behavior at a 
given temperature. 

While Equations (18) and (19) are very general in their applicability, 
emphasis should be made of several necessary restrictions and qualifications: 


The quantity: 


V = = 4/—-- 1 (17) 
tomes 
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(1) Both stress and temperature must be maintained constant throughout 
an experiment. 

(2) The sample must be free of residual stresses when the creep experiment 
is begun. 

(3) In order for Equation (19) to be valid, the stress must have been applied 
for a time comparable to the maximum value of r for which J(r) becomes 
vanishingly small. 

(4) In many cases the term Jo may be insignificant in comparison with 
other terms. 

(6) The viscosity n, and the compliance terms may vary with the stress, 
especially in the case of large stresses. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The parallel-plate viscoelastometer, which was constructed for the study 
of viscoelastic behavior under constant shear stress, is shown in Figure 5. 
The samples, (A, A’), are clamped between two heavy steel plates (B, B’) 
which are kept a fixed distance (}’’) apart by the spacers (E, E’). A thin 
stainless steel plate (F) rests between the samples; to one end of this is attached 
a wire passing over a ball-bearing pulley (G) to the weight (H). To the other 
end of the thin plate is attached a small piece of glass (J) with a scale photo- 
graphed upon it. A similar scale (K) is attached to the fixed part of the 
apparatus. The entire assembly is placed in an air thermostat which maintains 
a temperature constant to within +0.1° C. 

The samples are disks of polyisobutylene, } inch thick by 1 or ? inch in 
diameter. This thickness allows each sample to be compressed @ inch when 
the apparatus is clamped down, which should be sufficient to prevent slippage 
of these tacky materials. Samples are prepared in two ways. High molecular 
polyisobutylenes are formed in stainless steel molds, in a hydraulic press, at 
60-70° C. The lower molecular materials, which would adhere to the molds, 
are cast in tinfoil cups at the same temperature. The tinfoil is removed by 
amalgamation with mercury. In both procedures sufficient time is allowed 
for residual stresses to relax. 


TO SCALE) 
Fie. 5.—Viscoelastometer. 
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The samples, with the thin plate between them, are then placed in the 
apparatus, and carefully aligned with the aid of machined blocks and pins. 
After a period for relaxation of residual stress induced by this process, the 
alignment blocks and pins are removed, and the samples again allowed to rest, 
for a somewhat shorter period. 

The weight is then attached, and the experiment begun. The weight 
exerts a shearing stress on the samples, which produces a shear strain, with a 
resulting horizontal displacement of the thin metal plate. This displacement 
is measured by photographing, through a simple optical system, the two pieces 
of scale. The distance between a pair of lines is measured with a Gaertner 
microcomparator, with a precision of +0.0002 em. 


CALCULATIONS 


The calculation of absolute shear strain and stress for these experiments 
is much facilitated by the simple geometry of the instrument. If the deflection 
of the moving scale relative to the reference position (measured on the photo- 
graphic plate) is A’, the reciprocal magnification factor of the optical system 
is f, and the thickness of each sample is h, then the shear strain is given by: 


y = A’f/h (21) 


Furthermore, if the force exerted by the weight (neglecting any small friction 
in the pulley) is F, and the average horizontal cross-sectional area of each 


sample is A, the stress is: 
S = F/2A : (22) 


The cross-sectional area is calculated by the relation: 
2A = (V/h) = W/prh (23) 


where V = the total volume .of the two samples, W = the total weight of 
the two samples, and pr is the density of polyisobutylene at the temperature 
of the experiment. The density data were obtained from Ferry’. The 
factor f was determined by measuring a known distance on the scale in the 
photographs, and was found to be 0.954 + 0.002. 

Combining Equations (21), (22), and (23), we obtain the expression: 


S Forh? 


This is the fundamental equation which allows us to convert the observed A’ 
values to strain/stress values in c.g.s. units. 

Part of a typical A’ vs. ¢ plot is shown in Figure 6. The upper curve is 
the observed creep curve. From the linear portion of this curve at very long 
times (not shown) the viscosity, 7, may be calculated, using the relation: 


Forh? 1 
lim (dA’/dt) 
to 


(25) 


The lower solid curve represents the elastic recovery, calculated from the 
deformation at the time the weight was removed, and considering this as zero 
time. The elastic deformation can also be calculated by subtracting the 
viscous deformation (calculated from the viscosity) from the creep curve. 
This is shown as the broken line in Figure 6. This procedure becomes un- 
reliable at long times, since it then involves taking the difference between two 
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very large numbers, the total deformation and the viscous deformation. 
Since the elastic recovery approaches a limiting value at very long times, it is | 
possible to obtain an independent check of the viscosity by subtracting this 
steady-state elastic deformation from the total deformation at the end of the 
creep experiment. The deformation thus obtained can be considered to be 
entirely due to flow of the material. 


| 


CREEP 


~--CREEP — FLOW 
RECOVERY 


Fia. 6.—Creep and recovery, polymer 1, Experiment 113. 


RESULTS AND CONCLUSIONS 


The viscoelastic behavior of several of the previously described polyiso- 
butylenes was studied by means of creep and recovery experiments. The 
viscosities of the samples were calculated from the final slopes of the creep 
curves, using Equation 25. In most cases, a value was also obtained from 
the nonrecoverable deformation, which generally agreed well with the former 
value. In one instance (Experiment 116), there is a considerable discrepancy ; 
here, the value from the creep curve was accepted as more reliable, since the 
extrapolation of the recovery curve to infinite time is somewhat doubtful. 
In a few cases (Experiments 114, 115, 123) temperature changes during the 
early part of the creep experiment make viscosities calculated from nonrecover- 
able deformation unreliable. 
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TaBLe V 
ViscosITIEs OF PoOLYISOBUTYLENES 


8 
(dynes/em.? X (non-rec.) 
10~*) T(°C.) (creep) (Poises) 5 nas (av.) 


3.89X10° 4.14X10° 3.97 X 10° 

2.18 X10? 

3.77 X 10° 

1.54X 

3.75 X 107 : 3. 3.92 X 107 

4.13 X10? 

2.00 x 10° 2.03 X 10° 

2.85 X 10° 

Xx 3.30 X 10° 
.28X1 

9.86 X 10 

1,00 X 10° 0.95 X 10° 

1.02 X 10° 1.01 X 108 


KES 


0.2197 


The viscosity data for all polyisobutylenes studied are summarized in 
Table V. It will be noted that very small stresses were used, in all cases less 
than 0.5 X 10‘ dynes per,bq.cm. Judging from the data of Leaderman”, 
variations of the viscosity with stress due to non-Newtonian flow should be 
negligible in this range. Indeed, our data do not definitely show such effects. 
The viscosities obtained from the experiments at various temperatures were 
reduced to the standard temperature of 35.0° C by use of the equation proposed 
by Leaderman” to fit the data of Fox and Flory; 


log nr =— 14.44 + 3.14 log M, + 0.504 X 10°/T°, (26) 


It was found that this equation, of the several suggested in the literature”, 
gave the most consistent results. The values of 3; thus calculated are given 
in column 7, Table V. 


@ Fox AND FLORY 
© VAN HOLOE AND WILLIAMS 


LOG M, 
Fia. 7.—Log 9 vs. log Mw polyisobutylene at 35.0° C. 


A 110 0.0749 
118 0.0786 
122 0.4137 
B 111 0.1599 
119 0.3495 
F 112 0.0963 
117 0.1930 
“4 I 113 0.4553 
114 0.2269 
Oe H 115 0.4345 
116 0.4298 
123 0.4391 
125 
ig 
60 


VISCO-ELASTICITY AND MOLECULAR WEIGHT 407 


Since there appears to be some slight disagreement among the published 
results of the temperature dependence of the viscosity of polyisobutylene, 
average viscosities at 35.0° C were calculated from experiments performed 
within a few tenths of a degree of this temperature. These are listed in the 
last column of Table V. In Figure 7, the logarithms of these viscosities are 
plotted vs. the logarithms of the weight-average molecular weights of the 
polyisobutylenes. On the same graph are shown viscosity values from the data 
of Fox and Flory”, interpolated at or extrapolated to 35.0° C. The results 
appear to be in good agreement. Our data also support the conclusion of 
these authors that the viscosity of polyisobutylene is independent of the form 
of the molecular weight distribution. 

A more detailed analysis was made of the elastic behavior of the polyiso- 
butylenes. Because of the previously mentioned difficulties in separating the 
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Fia. 8.—Reduced elastic behavior, polymer A. 


elastic deformation from the creep curve, the recovery curves were used 
almost exclusively, although in a few instances data from the early part of 
the creep experiments were recorded. In favorable cases (high viscosity) the 
agreement between elastic behavior calculated from creep and recovery experi- 
ments was quite satisfactory. 

Since the retarded elastic recovery usually took place over several decades 
of logarithmic time, it was advantageous to perform experiments on each 
sample at two or more temperatures. These results were then reduced to the 
standard temperature of 35.0° C by the method of semireduced variables, 
developed by Ferry”. This method, which has been used with considerable 
success by Ferry and coworkers® in studying dynamic-mechanical properties, 
and by Tobolsky and coworkers™ with stress relaxation data, was found to be 
extremely useful. According to this procedure, results obtained at different 
temperatures may be superimposed by plotting: 
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Fia. 9.—Reduced elastic behavior, polymer B. 


where ar = nrpoT'o/noprT, 7 is the viscosity, and p is the density. The sub- 
script 7 refers to the experimental temperature, and the subscript 0 to the 
standard reference temperature, in this case 35.0° C. The experimentally 
determined viscosities were used. 

Retarded elasticity data for the various polyisobutylenes, superimposed 


in the above manner, are shown in Figures 8 to 13. In most cases the precision 
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Fie. 10.—Reduced elastic behavior, polymer F. 
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Fig. 11.—Reduced elastic behavior, polymer H. 


is quite good, although some scatter is evident in the results for polymers A, 
B, and K. In the first two cases, this is explained by the fact that the viscosity 
of these polymers is so low that very small stresses had to be used. This, of 
course, reduced the elastic deformation and subsequent recovery, so that the 
precision was not as good. 

The steady-state elastic compliance was estimated by extrapolating the 
sigmoidal recovery curves to very long times. This procedure is not entirely 
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Fig. 12.—Reduced elastic behavior, polymer I. 
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Los 


Fra. 13.—Reduced elastic behavior, polymer K. 


satisfactory, since insufficiently long creep and recovery experiments make the 
extrapolation relatively arbitrary. Thus the values of J,, the steady state 
elastic compliance, given in Table VI, cannot be said to be accurate to more 
than 10 per cent. 

There exists at the present time no completely satisfactory theory of elastic 
behavior of linear high polymers. It has been proposed" that the theory of 
rubberlike elasticity, as developed for cross-linked polymers, should be ap- 
plicable to linear polymers as well, but there has been no experimental verifica- 
tion of this speculation, and such an extension of the theory may well be 


Tasie VI 
Rerarpep Exasticiry OF PoLYISOBUTYLENES AT 35.0° C 


Ja 
Polymer (cm.*/dyne) 


unjustified. The theory of rubberlike elasticity would predict the steady 
state elastic compliance (the reciprocal of the corresponding modulus) to be 
directly proportional to the number average molecular weight of the material. 
As is evident from Table VI, there seems to be no correlation between the 
steady state compliance and the number-average molecular weight for these 
polyisobutylenes. On the other hand, there is an apparent dependence of the 
steady-state compliance on the degree of polydispersity of the polymers, as 
measured by the coefficient of variation, V. In Figure 14, J,, is plotted vs. 
V? = (M,/M,.) — 1. Unfortunately, the uncertainty in the J,, values forbids 
us to make more than the qualitative assertion that the more homogeneous 
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Mn X1075 V (sec.) 
x A 1.2 0.71 0.62 1.5X10° 
B 0.58 1.12 4.4X 10" 
F 1.2 0.89 0.76 3.7X10° 
I 0.9 4.74 0.62 1.1X 108 
H 1.6 2.20 1.07 3.3 X 105 
K 0.7 3.50 0.57 4.6 
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polymers exhibit a smaller elastic compliance, or a higher elastic modulus. 
However, since the effects of varying molecular weight and varying degrees 
of polydispersity have not been studied separately, it is not impossible that 
there is also some dependence upon molecular weight. 

A further analysis of the elastic behavior of these materials can be made. 
Leaderman” has defined the function y(é) as: 


Se? J dr Se? J dr 
Se? J (r)dr Je 
Thus, from elastic recovery data: 


v(t) = 


¥@) =1 (27) 


lim (t)/S) ree. 


Fia. 14.—J v8. V2. 


The functions y(t) for the various polyisobutylenes are shown in Figure 15. 
It is seen from this that the effect of increasing the molecular weight is to shift 
the function to the right, or in the direction of longer times. The effects of 
differences in molecular weight distribution are small but definite. The y(t) 
functions for very polydisperse materials extended over a greater span of 
logarithmic time than those for more homogeneous polymers. One may 
compare, for example, polymers A and B, which have nearly the same weight- 
average molecular weight. Polymer B is much more polydisperse and its 
v(t) function is broader than that of polymer A. Leaderman™ has shown that, 
for low-molecular polyisobutylenes (M, < 0.7 X 10°), the y(t) curves can be 
very nearly superimposed by plotting vs. logt/n. A similar plot has been 
prepared for the polyisobutylenes studied in this work, and is shown in Figure 
16. Here W(t) is plotted against log t X 105/arns;, and, aside from the small 
differences attributable to differences in molecular-weight distribution, the 
curves very nearly superimpose. Thus, a single curve may be said to approxi- 


; 
3 
ve (y (t)/S) ree 
(28) 
2 
a 
Je 
x10 
4 
ite 0: 
q ke 
2 
Wie 
| 


RUBBER CHEMISTRY AND TECHNOLOGY 


tos 

Fia. 15.—¥ (t) vs. log t/ay polyisobutylenes. 
mately represent the retarded elastic behavior of all polyisobutylenes of medium 
molecular weight, at temperatures near room temperature. Furthermore, it 


is of interest that the time at which one half of the elastic compliance is manifest 
is very nearly equal to 7 X 1075, as mentioned by Leaderman. 
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Fic. 16.—Superimposed ¥ (¢) curves. 
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7.0 8.0 
LoG 738 
Fie. 17. 


One more point of interest should be mentioned. If one defines an average 
retardation time, 7, as: 


de 


(29) 
It is apparent that: 


Fle) 

= —d 

= F (30) 


Thus, integration of the function 1 — y(t) will yield the average retardation 
time. This integration was carried out by plotting ¥(¢) vs. t, in segments, and 
measuring the area between this curve and the Y = 1 ordinate with the aid of 
a planimeter. The values of 7 thus obtained are listed in the last column of 
Table VI. In Figure 17, the logarithms of these average retardation times are 
plotted vs. the logarithm of the viscosity at 35.0° C. The straight line which 
is passed through these points has a slope of 1.00. Thus, the average retarda- 
tion time is directly proportional to the viscosity of the polyisobutylene. The 
data may be fit quite well by the expression: 


Tx = 8.0 X 10-5 (31) 


SYNOPSIS 


A study was made of the behavior under constant shear stress of several 
carefully characterized samples of polyisobutylene. The materials used were 
whole polymers and fractions obtained from these by fractional precipitation. 
As a first step in the characterization, the intrinsic viscosity of each was 
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determined. It was shown that the samples covered a molecular weight range 
from 1 X 10° to 1 X 10%. To provide a more detailed characterization, 
sedimentation equilibrium experiments were performed with several of the 
polyisobutylenes. These experiments yielded values of several average 
molecular weights for each polymer, from which data an approximation to the 
molecular weight distribution could be made. It is pointed out that whole 
polymers of isobutylene are very polydisperse. The viscosity-average mo- 
lecular weights calculated from these experiments are in good agreement with 
the results of the intrinsic viscosity measurements. The viscoelastic behavior 
of some of these polymers was then studied by means of creep and recovery 
experiments. The melt viscosity was determined in two ways, from flow 
during creep and from the amount of non-recoverable deformation after elastic 
recovery. The elastic recovery of the polyisobutylene samples was analyzed 
in some detail. A method for the reduction of data taken at several tem- 
peratures to a standard temperature, previously used for dynamic-mechanical 
properties and stress relaxation data, is shown to be applicable to elastic 
recovery data. Furthermore, the results of creep and recovery experiments 
can be superimposed in favorable cases. The steady-state elastic compliance 
is evaluated, and errors in its determination are discussed.. The results seem 
to indicate that this quantity depends, at least in part, on the degree of poly- 
dispersity of the polymer. This dependence appears to mask any direct 
variation with average molecular weight. Finally, it is shown that an average 
retardation time is directly proportional to the melt viscosity of the polymer. 
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THE VULCANIZATION OF RUBBER. XI. INFLUENCE OF 
THE DEGREE OF VULCANIZATION ON THE 
INTERNAL FRICTION OF UNLOADED 
BUTADIENE-STYRENE VULCANIZATES * 


M. M. Reznrxovsktil, V. S. Yurovskaya, AND B. A. DoGApKIN 


Screntiric Researcu oF THE INpUstry, Moscow, USSR 


It is well known that, in the vulcanization of rubber in the range as far as 
ebonite, all the properties of the polymer change sharply. In particular, the 
vitrification temperature, which is one of the most important characteristics of 
relaxation, changes considerably'. On the other hand, as was recently shown 
by the authors’, for soft vuleanizates which contain up to 3 per cent of total 
sulfur, the relaxation properties, and consequently also the internal friction, 
which is responsible for heat build-up during dynamic deformation, are inde- 
pendent of the period of vulcanization. The independence of internal friction 
from the degree of vulcanization of soft vulcanizates can be explained in that 
case by assuming that the presence of the spatial network of the vulcanizate 
does not influence the heat motion of the segments between the cross-links as 
long as the cross-links of this network are distributed sufficiently far apart. 

Hence it is of particular interest to explain what average distance between 
the cross-links of the spatial network of the vulcanizate is critical with respect 
to its influence on the heat motion of the segments of the polymeric chains be- 
tween the cross-links and on the internal friction of the rubber. The principal 
characteristics manifest in the mechanical behavior of vulcanizates with high 
sulfur contents are interesting from a practical viewpoint, for they indicate the 
limits with which it is possible, by means of vulcanization, to change the hard- 
ness of rubber without danger of thereby increasing its internal friction. 

The purpose of this work is to study the problem of the influence of side- 
chain development of the spatial structure, determined by the number of trans- 
verse cross-bonds which are formed during the vulcanization process, on the 
internal friction which occurs in the reversible deformation of vulcanizates. 


METHODS AND OBJECTS OF STUDY 


Unloaded vulcanizates of butadiene-styrene rubber with various concentra- 
tions of combined sulfur served as test-specimens. The selection of butadiene- 
styrene rubber was governed by the desirability of avoiding the complicating 
influence of crystallization. Besides, experimental studies of the thermody- 
namics of deformation of vulcanizates, made in recent years by Bartenev’, 
showed that the elastic properties of vulcanizates of butadiene-styrene rubber 
approach the properties of an ideal rubber. 

The vulcanizates were prepared as films 1 mm. thick. For testing the re- 
bound resilience according to Kornfeld, special discs 6 mm. thick were pre- 
pared. Ten different vulcanizates, differing in sulfur content and vulcanization 


* Translated for Russper Cuemistry & Tecunowoey from the Kolloidnyi Zhurnal, Vol. 14, No. 6, pages 
444-455 (1952). 
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time, were studied. For all the vulcanizates, the content of total and free sulfur 
was determined analytically. The combined sulfur content was calculated from 
the difference between the total and free sulfur (see Table 1). 

In this method it is clearly necessary to take into account that, in the differ- 
ent samples, the free sulfur contents are not the same. However, we shall as- 
sume that chemically uncombined sulfur in the quantities in which it was found 
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ANALYsIS OF VULCANIZATES CONTAINING DIFFERENT 
Proportions oF SULFUR 


Sulfur determined by analysis (%) 
Total Combined 
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in the samples studied, has little effect on internal friction, and the differences 
of the corresponding indexes for the samples are caused only by the differing 
contents of chemically combined sulfur. The basis for such an assumption is 
particularly the fact that the last two vulcanizates (Table 1), which differ 
especially in internal friction (see Table 2 below), contain practically equal 
proportions of free sulfur. 


MEASUREMENT OF INTERNAL FRICTION OF RUBBERS 


For measuring internal friction, which is responsible for heat formation 
during dynamic deformation, besides special tests on a Bidermann pendulum 
apparatus, the widely used method of measuring rebound resilience on a Schob 
apparatus and dynamic hysteresis during forced vibrations on a Kornfeld 
vibrator* were employed. As an arbitrary index of the internal friction of rub- 
ber (for a given frequency of deformation) was taken a value equal or propor- 
tional to the amount of heat formed in a unit volume of material for one cycle 
in the dynamic system established by a constant amplitude of deformation. 
In the experiments with the Kornfeld apparatus, the values measured represent 
the dynamic modulus of compression E and the sine of the angle of mechanical 
loss sine ¢. 

It is easy to show that the value, which is approximately proportional to the 
internal friction, at the given frequency, of the material studied, is the product 
of r-E-tan ¢. 

The latter follows directly from the equation: 


tang =F (1) 


which, in turn, follows from the hypothesis that the forced oscillations of the 
rubber test-specimen (if its mass in comparison with the mass of the moving 
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parts of the apparatus is ignored) can be described, as a first approximation, by 
the differential equation : 


foosut = (2) 


where ¢ is the deformation; f is the magnitude of the deforming force; w is the 
frequency of oscillation ; ¢ is the time, and 7 is the internal friction of the rubber. 

The product of x-E tan g = wn expresses, as a first approximation, the 
work converted into heat for one cycle of oscillation for the given amplitude of 
deformation which is equal to unity. 

In the tests with the Schob pendulum apparatus, the index is the so-called 
elasticity R, which represents the ratio of the useful work to the total work of 
one deformation cycle. The basic defect of the Schob apparatus consists in the 
fact that the dynamic deformation which the test-specimen undergoes under 
the impact of the pendulum hammer is not measured, and is not considered. 
Hence any evaluation of the internal friction from the data on the rebound 
resilience, measured on the Schob apparatus, is impossible at this time. 

However, using the value of the dynamic modulus of compression E£, ob- 
tained with the same specimens on the Kornfeld apparatus, the coefficient of 
internal friction can be calculated from the approximate formula’: 


which is accurate for small values of > 


In Equation (3), K,-o is the coefficient of internal friction, measured by the 
rebound resilience (y-0) and R is the index of elasticity. 


Fie. 1.—Biderman pendulum apparatus. 
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The most reliable measurements of the index of internal friction of the vul- 
canizates studied were obtained with the pendulum apparatus waich is shown 
schematically in Figure 1. Inasmuch as in the apparatus indicated, rebound 
resilience played a part, it was advisable to study the principal characteristics 
which determine the advantages of the pendulum apparatus over the Schob 
apparatus. 

These characteristics are: 


(1) The deformation which the test-specimen undergoes from the pendulum 
hammer is a uniaxial strain. This situation is assured by the fact that the 
specimen tested is not a disc, but a rubber strip, 1, fastened between two clamps, 
2, and set perpendicular to the plane of oscillation of the pendulum hammer. 

(2) In every experiment, not only the angle of rebound of the pendulum 
after striking the specimen is measured, but also the deformation of the speci- 
men from the blow. The deformation is measured on a special scale, 3, by 
means of a pointer, 4, which can turn with light friction relative to the axis, 5, 
of the oscillating system. Because of the presence of a special stop, 7, which 
blocks the movement of the pointer from the moment the hammer comes into 
contact with the specimen, the pointer is forced to turn with respect to the 
oscillating system. This continues until the hammer stops, before reversing 
itself, and the corresponding angle, recorded on the scale, 3, indicates the 
maximum deformation of the test-specimen from the blow. 

(3) The construction of the apparatus makes possible moving the specimen 
in the clamps in the undeformed state, as well as when deformed to the desired 
degree; this makes it possible to study the effect of a preliminary stretching on 
the hysteresis of the particular vulcanizate. 

(4) The apparatus has an additional hammer with removable weights, 
which permit the testing of materials of different modulus under conditions of 
constant dynamic deformation. 


In each experiment, the following indexes were measured and calculated: 
a, the width of the strip tested ; 6 its area; V the volume of the dynamic section. 

When the specimen is fastened between the clamps in the deformed state, 
then: 


1 1 
Vox = (4) 


where Ly is the distance between the clamps of the apparatus, Ao is its relative 
length. Further we have: go, the angle of the height of fall of the pendulum 
hammer; ¢;, the angle of the rebound of the pendulum hammer after it strikes 
the specimen; ¢2, the angle of maximum deformation of the specimen from the 
blow; d, the maximum displacement of the center of the deformed specimen 
from the flow: 


d = 2rsin 2 (5) 


where r is the distance from the center of oscillation of the pendulum to the 
center of the test-specimen. 
For the apparent dynamic deformation, we take: 
L 4d? 
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where L is the length of the dynamic segment in the test-specimen deformed by 
the action of the hammer. 

It is possible to show that the following relation exists between the apparent 
dynamic deformation and the complete deformation: 


€ = €: + €1€0 + €0 (7) 


Evidently in the particular case of the absence of static deformation (€) = 0), 
the total deformation is equal to the dynamic deformation € = «). 
Equation (7) is obtained thus. We have: 


€0 1 (8) 


=> 


here L(€o = 1) represents the length of the dynamic section of the test-specimen 
(corresponding to the distance between the clamps of the apparatus) in the 
undeformed state. From Equation (8) it follows that: 


Lo 
(eno) = éo+ 1 (9) 
For complete deformation e, then, we have: 
Lomo) 
L (eo=0) 
Using Equation (6), we finally obtain: 


c= 


The dynamic losses in the test-specimen deformed by the impacts of the 
hammer are evidently measured from the angle of rebound in accordance with 
the equation: 

AW = mgAH = 2mgr(cos ¢: — cos ¢2) (12) 


where AH is the difference between the height of fall and the height of rebound 
of the pendulum hammer, and m is its effective mass. 

It has been established that the dynamic losses of test-specimens not previ- 
ously deformed are proportional to the square of the dynamic deformation, and 
when they are related to a unit volume of the deformed specimen, they do not 
depend on the thickness of the test-specimen. Hence, as an index of internal 
friction of the vulcanizate tested, we used in this case the coefficient: 


AW 
Ve? 


In the general case, when a specimen previously deformed is tested, the 
empirical coefficient of internal friction is calculated from the equation: 


AW 
K= Ve (14) 


K’ (13) 


where 
(€1 + €1€0 + 2€0) (€1 + €1€0) 


1 + 


(15) 
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It can be shown that @ is equivalent to the square of the dynamic deforma- 
tion in the absence of static stress. 

Designating the total work of dynamic deformation by W and taking as a 
first approximation the linear law of deformation, we have: 


W= VE = VE ad(e— 6) (16) 


where £ is the Young’s modulus of the rubber. 
The dynamic deformation is expressed by the equation: 
Ae = € — € 


For the case Ae = 1, we have: 


W (emt) = ve (1 + 2e) 


Further, for the coefficient of specific losses, we have: 


AW (ace 


where 7 is the relative hysteresis. 
The modulus Z can be determined from Equation (16): 


2W 
V (€ + €0)(€ — €0) 


Combining Equations (20), (19), and (18), we have: 


W(1 + 
V(e + €0)(€ — €0) 


E 


K 


(21) 


or, using the equation: 
AW 
we obtain finally: 


AW(1 + 2¢o) 
V (e + €0)(€ — €0) 


Using for ¢ its value from Equation (11), Equation (23) can be represented 
in the form of (14) and (15). 

In working out the method of the tests, it was established that the coefficient 
K for the first impact is always greater than for the succeeding ones, and a 
stationary value of the index is established after five repeated impacts. In 
order to obtain the best reproducibility in this work, the authors always used 
the value of the index for the fifth impact. 

The coefficient K was measured for two effective weights of the hammer 
(500 and 250 grams) and for two angles of fall (90° and 120°). Specimens not 
previously deformed (€9 = 0) and others deformed up to 50 per cent elongation 
(€o = 0.5) were tested. Higher values of static elongation could not be ob- 
tained because the test-specimens with high sulfur contents under these condi- 
tions were destroyed by the impacts. 
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(23) 
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MEASUREMENT OF THE EQUILIBRIUM STRESS 


The value of the stress at equilibrium, which corresponds to the given de- 
formation, was measured with a bulb dynamometer shown in the sketch in 
Figure 2. The basic advantages of the bulb dynamometer over those usually 
employed are: (1) its high sensitivity, which insures the absence in the appara- 
tus of elements of dry friction; (2) its hermetic seal, which makes possible tests 


Fie. 2.—Float dynamometer. 
. Equalizing vessel containing mercury 
. Moving screw 
. Knob of moving screw 
. Thermometer 
. Thermostat jacket 
Ultrathermostat 
. Vacuum and inert gas 


in aggressive media, as well as under conditions which exclude chemical reaction 
with the medium (tests in vacuum and in inert gases), and (3) its simplicity of 
construction. 

The work with the dynamometer was carried out thus. The specimen to be 
tested was placed between the clamps and the apparatus was hermetically 
sealed. Then, with a high-vacuum pump (BM-461) and a Langmuir pump 
(10-§ — 10-* mm. Hg), the apparatus was evacuated for 10-12 hours. The 
apparatus was filled with nitrogen purified from all traces of oxygen by the 
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method described by Dogadkin and Pevzner* and with an ultrathermostat in 
the operating chamber a temperature of 70° C was obtained. Then the atmos- 
pheric medium was evacuated for the second time to the same vacuum of 10~° 
— 10-* mm. Hg, and the apparatus was again filled with nitrogen. 

By gradually lowering the bulb, 7, the specimen was given the desired de- 
formation and the zero time reading was recorded. The deformation was 
measured by the position of the dynamometer float 4 on the displacement scale 
6 (see Figure 1). 

Then the stress at the given deformation was measured. The stress was 
calculated by the relation: 


= + 1) 
2S8o 


where ¢ is the stress calculated for a cross-section of the deformed specimen; 
Q is the weight of the dynamometer float; s is the square of the cross-section of 
the cylindrical part of the float; y is the specific gravity of mercury; g is the ac- 
celeration of the force of gravity; So is the area of the cross-section of the unde- 
formed test-specimen; hf is the depth of immersion of the float; and ¢ is the 
relative deformation. 

The depth of immersion of the float, h, was measured by the position of the 
mercury level in the float chamber on the scale measuring the stress, which 
was brought up beside the dynamometer float. Then the stress corresponding 
to the particular deformation was measured periodically, after equal or in- 
creasing time intervals. In the alternate measurement of the rotation of the 
knob of the moving screw, 9, the equalizing chamber, 7, rises slowly until the 
dynamometer float has returned to the position corresponding to the particular 
deformation. 

Next, the specimen was slowly cooled and heated. The temperature was 
varied within the limits of 30-70° C, and the stress was measured at the ex- 
treme temperatures. The coincidence of the values of the stress in successive 
cycles was taken as a criterion of the actual existence of equilibrium. 

The method used is similar in principle to that described by Bartenev’, who 
measured the equilibrium stress in rubber with a Poljani dynamometer without 
protecting the test-specimen from atmospheric oxygen. 


(24) 


EXPERIMENTAL DATA 


The basic results of the measurements are summarized in Table 2 and shown 
in Figure 3. 

The differences in the absolute values of the indexes of mechanical losses, 
measured by various methods, are an evident consequence of the differences in 
the nature, degree, and frequency of deformation to which test-specimens are 
subjected in the different methods. It is characteristic, however, that with all 
the testing methods used, the curves of the index of mechanical loss as a function 
of the content of combined sulfur are of the same nature. In the range of sulfur 
contents below approximately 9 per cent, the index of mechanical losses and, 
consequently, the internal friction of the vulcanizate, does not depend on the 
content of combined sulfur. Further absorption of sulfur causes a sharp in- 
crease of internal friction. The equilibrium modulus, Z.,, from the very begin- 
ning increases in proportion to the increase of the content of combined sulfur. 

From the viewpoint of the fundamental purpose of the present study, it was 
interesting, using the experimentally obtained values of the equilibrium moduli, 
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to calculate the average molecular weights, M*, of the chain segments between 
the bonds of the spatial network of vulcanizates with different contents of 
combined sulfur. Such calculations can be made on the basis of the statistical 
theories of elasticity, either of Wall and Treloar’, or the more highly developed 
theory of Bartenev*. According to the data of Bartenev*, in the range of 
stresses not exceeding 100 per cent, there are no essential differences between 
the values of M*, calculated on the basis of either theory. 

Before passing to the detailed calculations, it is necessary, however, to con- 
sider the fact that both statistical theories mentioned above were derived for a 
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Fie. 3.—Index of mechanical loss and equilibrium modulus of vulcanizates 
as functions of the combined sulfur content. 
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4. 
so-called ideal rubber. In other words, the thermodynamic basis of the statis- 
tical theories is the entropy nature of rubberlike elasticity and the constancy of 
the internal energy of the deformation process. 
The experiments of Bartenev* have shown that the ideal state of rubber, 


(#). ‘ = 0, for soft butadiene-styrene vulcanizates is actually observed in 
the whole elongation range. At the present time, however, there are no data 
from the experimental study indicating that such a situation prevails also for 
hard rubber with a high content of combined sulfur. 

An approximate estimation of the role of the energy and entropy components 
of the stress can be made, from the experimental study, by means of the ratio 
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of the equilibrium stress to the temperature at the given deformation. As was 
pointed out above, in the present study the equilibrium stress was measured at 
only two temperatures: 30° and 70°C. The data in Figure 4 do, nevertheless, 
offer some material for thermodynamic analysis. 

If the equilibrium modulus is represented as the sum of the energy and 
entropy components in the form: 


E. = E,(Au) + E,(AS) (25) 


then by straight segments, marked in Figure 4 on the ordinate axis, it is possi- 
ble to judge approximately the value of the energy component of the equilib- 
rium modulus*. It can be seen that, in accordance with the data of Bartenev', 
this segment for vulcanizates which do not contain more than 8 per cent com- 
bined sulfur is near zero. Thus, soft vulcanizates satisfy the requirement of 
ideal conditions, and for them one of the above-mentioned statistical theories 


Au 


20 
Temperature (°c) 


Fia. 4.—Linear extrapolation of the equilibrium modulus of vulcanizates containing different propor- 
tions of combined sulfur as a function of the temperature. (The figures on the graphs indicate the numerical 
order of the vulcanizates recorded in Table 1.) 


can be applied directly. As for vulcanizates containing more combined sulfur, 
as is seen in Figure 4, for them the energy component of the modulus is already 
large and it is impossible to ignore it. For an approximate calculation of the 
molecular weight of a chain segment between the cross-linking of the spatial 
network of a vulcanizate, it is evidently necessary to take into account, not 
the total equilibrium modulus, but only its entropy component. The latter is 
calculated from the difference: : 


= E, — (26) 
where the component H,,(Au) is determined, as was indicated above, from a 


segment indicated on the ordinate axis, in the linear extrapolation of the equa- 
tion: Z, = ¥(T). The value of M* was calculated from the equation: 
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TABLE 3 


InpExes oF Densrry or SpatiaL Network oF VULCANIZATES CONTAINING 
Various Amounts oF Bounp SuLFrur 
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which follows directly from the Wall-Treloar theory’ if it is assumed that 
E.. = ¢~(€ = 1). 

ys Table 3 shows the values of N (the number of chains) and n (the number of 
cross-links in a unit volume of polymer), calculated from Formula (9): 


N= pk 2 


M*k 2 


where p is the density in all cases near to 0.94 gram per cc.; F is the gas constant, 
and k is the Bolzmann constant. 

In the last column of Table 3 are shown the values calculated for the number 
of sulfur atoms entering one cross-link of the spatial network of the vulcanizate. 


INTERPRETATION OF THE RESULTS 


The data obtained indicate the independence of the internal friction from the 
amount of combined sulfur, when the content of the latter does not exceed ~9 
per cent. With a further increase of the combined sulfur content, a sharp in- 
crease of the internal friction of the rubber is observed. 
wa! From the viewpoint of the considerations given above, the independence of 
the internal friction from the combined sulfur content attests to the fact that 
the presence of the spatial chain in the vulcanizate does not essentially influence 
the nature of any heat motion of the chain segments between the cross-links. 
The same concept can be formulated as follows. The internal friction does not 
depend on the combined sulfur content as long as the mean distance between 
the cross-links of the molecular network exceeds the size of one segment, that is, 
an average segment of the molecular chain, which appears as a kinetic unit in 
the heat motion of the molecule. With a decrease of temperature as the chains 
become stronger, or stiffer, the molecular weight of the segment increases. 
This must be particularly great near the vitrification temperature, when the 
chains lose practically all their flexibility. 

This latter fact must not be overlooked in a comparison of the results ob- 
tained in this work with well known data for the relation between the vitrifica- 
tion temperature and the content of combined sulfur’. In particular, the shift 
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of the vitrification temperature observed by Bartenev for natural-rubber vul- 
canizates toward higher temperatures with an increase of the content of com- 
bined sulfur, when the sulfur content does not exceed 4 per cent, does not con- 
tradict the data of the present work if one remembers that, at temperatures near 
T,, the size of a segment can be of the same order as the length of the segment 
of the molecular chain between the cross-links of the spatial network, even 
with a very low sulfur content. Because of this, an increase of T, is observed 
with an increase of the degree of vulcanization. , 

In the study of the change of the dielectric properties, measured at room 
temperature, with change of the combined sulfur content of rubber, an acceler- 
ated increase of the dielectric losses was observed ; this reflects the great increase 
of internal friction with a combined sulfur content of the order 8-10 per cent". 
The agreement between these data and those of the present work is evident. 

The change of internal friction of a number of vulcanizates with increase of 
the combined sulfur content can be compared with those molecular-structural 
parameters which are obtained from the data for the values of the equilibrium 
modulus of these systems. However, the treatment of the results obtained in 
this part is more complicated. 

Figure 5 shows the relation of the equilibrium modulus, as well as its energy 
and entropy components, to the combined sulfur content. As is seen, the bend 
on the equilibrium modulus curve, due to the appearance and further increase 
of the energy component, is found at approximately the same sulfur content at 
which the internal friction increases sharply. In other words, the rapid increase 
of internal friction and the appearance of the energy component of the equilib- 
rium modulus are at the same combined sulfur content, which also determines 
the critical density of the vulcanizate network. 

From this, the conclusion follows that rubber can exist in the ideal state 
only if the heat motion of the linkages of the molecular chains is not counter- 
acted by the bonds of the spatial network which are formed during vulcaniza- 
tion. If this concept is correct, destruction of the “ideal” state of vulcanized 
rubber with a high combined sulfur content at the temperature in question 
takes place also with vulcanizates at lower states of vulcanization if they are 
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cooled to sufficiently low temperatures. This view can be experimentally veri- 
fied by the temperature relation of the equilibrium stress, measured at the given 
deformation. The destruction of the ideal state, however, must take place at 
low temperatures which are near the vitrification temperature. 

The relation between the internal fraction of rubber and the density of the 
spatial network of the vulcanizate, estimated from the value of the molecular 
weight M* of a chain segment between the cross-links of the spatial network, is 
shown in Figure 6. From this figure it is seen that the critical value of M*, 
which corresponds to the beginning of the dependence of internal friction on the 
degree of vulcanization, is ~7000, independent of the method of measurement 
employed. 


8 


40 
log M 
Fic. 6.—Relation of mechanical losses in rubber to the molecular weight of a chain 
segment between cross-links of the spatial network. 
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This critical value of M* can evidently be considered a direct index of the 
flexibility of the molecular chains of the polymer studied. It is worth noting 
that such a value of the critical size of a chain segment between the cross-links 
of a vulcanizate was found by Dogadkin and Keifetz'' from data on the dy- 
namics of change of tensile strength during the vulcanization of natural rubber. 

It is also necessary to keep in mind that the density of the spatial network 
of a vulcanizate is determined not by the total combined sulfur content alone. 
The sulfur bridges contain various amounts of sulfur atoms; chemical bonds 
between the chains are also formed as a result of other vulcanization processes, 
e.g., oxygen and polymerization. This makes it possible for the ‘critical’ 
density of the vulcanizate chain, where a sharp change of the internal friction 
of the rubber sets in, to be reached in various vulcanized systems at various 
degrees of vulcanization. 
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VULCANIZATION AND INTERNAL FRICTION 
CONCLUSIONS 


1. The relation between the internal friction, which is responsible for heat 
formation during the dynamic deformation of unloaded vulcanizates of buta- 
diene-styrene rubber, and the content of combined sulfur, which was changed 
within the limits of 0.5 to 26 per cent in the rubber, was studied. 

2. It is shown that internal friction and the related relaxation properties do 
not depend on the percentage of combined sulfur up to 9.0 per cent. Further 
increase of the combined sulfur content causes a sharp increase of the internal 
friction of the rubber. 

3. For the same vulcanizates of butadiene-styrene rubber, the equilibrium 
stress, as well as its energy and entropy components, were measured. It is 
shown that in vulcanizates which contain combined sulfur in proportions not 
greater than 8.0 per cent, the nature of the stress is predominantly entropic. 
Further increase of the combined sulfur content causes an increase of the energy 
component of the stress. 

4. Proceeding from the values of the entropy component of the equilibrium 
stress, on the basis of the approximate theory of Wall, the values of the molec- 
ular weights of a chain segment between the cross-links of the spatial network 
M* were calculated for vulcanizates containing varying percentages of combined 
sulfur. 

5. It is shown that the value of M* is 7000 for the polymer studied and is 
critical in the sense that further densening of the network causes a sharp in- 
crease of both internal friction and the energy component of the equilibrium 
stress. The hypothesis is advanced that the value of M*.,::. can be regarded as 
a criterion of the flexibility of the molecular chains of the polymer studied. 
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CHEMIGUM SL—AN ELASTOMERIC 
POLYESTER-URET 


N. V. Seecer, T. G. Mastin, E. E. Faussr, F. 8. Farson, 
A. F. anp E. A. Srnciarr 


Tue Gooprear Trre anp Russer Co., Akron, OxnIO 


A great deal of interest has been aroused in recent years in isocyanate chem- 
istry by the announcement of new elastomers based on diisocyanate modifica- 
tion of polyesters. Early du Pont patent literature! described diisocyanate 
modified alkyds, and Vulcaprene A, an elastomeric diisocyanate modified poly- 
esteramide*, has been offered to the rubber trade by Imperial Chemical Indus- 
tries, Ltd., England. Several articles* also have been published on Vulcollan 
by Bayer and associates on work done in the laboratories of Fabenfabriken 
Bayer Co., Leverkusen, Germany. 

More recently a new elastomeric polyester-urethane, Chemigum SL, was 
described‘ by the Goodyear Tire and Rubber Co. These rubbers are first made 
in the form of processible and storable raw gums, having many of the character- 
istics of pale crepe natural rubber. They can then be mixed on the mill or in 
the Banbury with additional curatives, such as diisocyanates and other com- 
pounding agents, and cured in standard rubber molds. 

The cured physical properties of Chemigum SL are very similar to Vulcol- 
lan; both exhibit unusual toughness. Tensile strength is very high, as is 
resistance to cutting and chipping. Since the polyester-urethanes are satu- 


rated, cut-growth resistance is excellent. Even when cuts are initiated by 
sharp objects, there is no tendency to grow, even under stress. In this respect 
a vast superiority is shown over natural rubber or GR-S. 


PREPARATION OF STORABLE CHEMIGUM SL 
The preparation of the raw gum can be described by the following steps: 


1. Preparation of the linear polyester. 

2. Chain extension of the polyester with diisocyanate, giving the storable 
elastomer. 

3. Cross-linking of the raw gum to give cured Chemigum SL. 

The final vulcanizate physical properties are dependent upon many factors, 
the most important being the chemical structure of the starting materials and 
the molecular quantities of each component. In the preparation of the poly- 
ester, as shown: 

HO—A’—OH (Glycol) 
and 

HOOC—A—COOH (Dibasic Acid) 
give 

HO—A’—OOC—A—COO—A’—OH + 

(Polyester) 
ical Society, Sen. Mee 27-29 
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there is considerable latitude in the choice of glycols and dibasic acids as well as 
molar ratios of reactants in case a mixture is desired. Depending on the 
specific glycols and dibasic acids selected and the molar ratios desired to make 
a polyester, it is possible to obtain finally a cured elastomer that does not harden 
or crystallize on aging, yet exhibits outstanding physical properties. 

Since it is necessary to have the polyester segment terminated in hydroxyl 
groups, an excess of glycol is used when reacted with adipic acid. In this way, 
also, the degree of polymerization or molecular weight of the polyester can be 
controlled within optimum limits so that elastomeric products result in the 
reaction with diisocyanates. 

The effect of dibasic acid structure on the physical properties of Vulcollan 
is shown in Table I as described by Bayer®. Adipic acid yields nonhardening 


I 
Errect or Drsasic Acips oN PuysicaL ProPerties oF VULCOLLAN® 


Glycol . em. Remarks 
Ethylene Succinic Hard, leathery 
Ethylene Adipic Slowly hardens 
Ethylene Sebacic Hardens immediately 
Ethylene Diglycolic Leathery 
Ethylene Phthalic Glass-hard without 


1,2-Propylene Succinic 
1,2-Propylene Adipic 220 
2,3-Butylene Adipic 179 


rubbers. Short-chain acids as well as aromatic acids, such as phthalic, yield 
hard, leathery products. 

The process of polyaddition, which in principle is the addition of diisocy- 
anates to dihydroxy and polyhydroxy compounds and to other compounds con- 
taining two or more reactive hydrogen atoms, makes it possible to synthesize, 
from small molecules, products of high or even extremely high molecular weight, 
and with practically predetermined structures and properties. 

The structure of the diisocyanate used in the chain extension step con- 
tributes markedly to the cured physical properties. The diisocyanates used 
in the preparation of storable rubbers are: 


ocx 


4,4’-Xenylene diisocyanate (XDI) 
NCO 


Oc 
1,5-Naphthalene diisocyanate (NDI) 


Methylene bis(4-phenylisocyanate) (MDI) 


Tensile 
strength Elonga- 
softener 
670 Leathery 
780 Does not harden essa 
630 Does not harden 
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FCH, 


NCO 


co 
2,4-Tolylene diisocyanate (TDI) 


symmetrical aromatic diisocyanates, which are preferred over aliphatic diiso- 


cyanates. 
In the second step in the preparation of the rubber, the polyester segment is 
“chain extended” with diisocyanate as follows: 


OCN—R—NCO (Diisocyanate) 
and 
HO—A’—00C—A—COO—A’—OH 
(Polyester) 
give 
HO—Polyester—OCON H—R—Polyester—O 


Melted polyester at 120° C is mixed with the appropriate amount of diiso- 
cyanate until thoroughly blended. Polymerization can be completed either in 
an internal mixer or by heating the blend in shallow trays in an oven. 

As was stated earlier, the nature of the modified polymer will depend on the 
amount of diisocyanate used to chain-extend and cross-link the polyester. It 
has been discovered that the production of a processible storable rubberlike 
polymer involves, not only the determination of the critical amounts of diiso- 
cyanate to be used, but also a given range does not apply to all diisocyanates. 

The critical amount of diisocyanate to be used can be estimated by the 
relation: 

Moles of diisocyanate 


Moles of polyester “se 


The most useful range is from 0.70 to 0.99 for optimum storability and proc- 
essing. Thus, molecular weight is controlled by the amount of excess polyester 


used. 
Typical physical properties of the raw gum are summarized in Table II. 


TaBLe IT 
PuysicaL Properties oF STORABLE Raw Gum 


Specific gravity 

Softening range (° F) 

Mooney (ML-4 at 212° F) 

Olsen flow (212° F; 500 Ib. per sq. in.), sec./in. 

Intrinsic viscosity [y] 

Molecular weight 

Gel (%) 

Soluble as 20% cements ketones (MEK), esters, and chlorinated 
hydrocarbons 

Storage without crystallizing (months) 


‘ 
Ag 
i 
. 
ia 
= 
1.17 
50-100 
120-200 
= 
25,000-50,000 
0-10 
6-12 
ah 
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EFFECT OF R VALUE ON PHYSICAL PROPERTIES 
OF RAW GUMS 


The effect of increasing the molar ratio of diisocyanate to polyester (R 
value) is shown graphically in Figures 1, 2, 3, and 4. As the molecular weight 
of the raw gum increases, dilute solution viscosity, Olsen flow time, Mooney, 
and softening point all increase. 


24 
‘ 
4s 
\ 
12 
/ 
0.4 
as a6 a7 08 09 10 ul 12 
R-VALUE 
Fia. 1.—Dilute solution viscosity vs. R-value Chemigum SL, 
12 
2 
= 40 
20 “4 


0 

0.90 as2 0.94 O36 038 1.00 
R-VALUE 

Fig. 2.—Olsen flow vs. R-value Chemigum SL. 


THE CROSS-LINKING REACTIONS 


The high molecular-weight, storable rubbers contain the following nitrogen 
linkages in addition to the ester links: urethane, urea, and amide. Later these 
serve as cross-linking points as the additional diisocyanate reacts with the 
nitrogen hydrogen atoms. The diisocyanates used as curatives may be the 
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096 097 0.98 ass 100 
R-VALUE 
Fic. 3.—Mooney plasticity vs. R-value Chemgum SL. 


180 
170 
60 
= 
150 
S 


as2 0.96 0.98 100 
R-VALUE 


Fie. 4.—Softening point vs. R-value Chemigum SL. 


same as, or different from, the ones used in the preparation of the storable 
rubber. 
Typical elastomers in use today with representative curatives are: 


Rubber Curatives 


ons} Sulfur + accelerator 


Neoprene Metallic oxides 

Hypalon 8-2 Metallic oxides or diamines 
Acrylate Metallic oxides or amines 
Thiokol Metallic oxides 

Chemigum SL Diisocyanates 
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Polyester-urethane rubbers are cross-linked by an entirely different type of 
chemical reaction. These reactions begin as soon as additional isocyanate 
curative is added to the millable raw gum. 

The isocyanate cross-linking reactions are 


—NHCOO—+—NCO —N—COO— 


NH— 
Urethane Allophanic ester 
—CONH—+—NCO — —CO—N— 
NH— 
Amide Acylurea 
—NHCONH—+—NCO — —NHCO—N— 
NH— 
Urea Biuret 


Of the three major diisocyanate cross-linking reactions, the ones with amide 
and urea predominate. 


III 
PuysicaL PRoPERTIES OF VULCANIZED CHEMIGUM SL 
(Cured 15 minutes at 280° F) 


Tensile strength (Ib./ 
Hot tensile at 200° a a /sq. in.) 
Elongation (%) 
Hot elongation at abyen F ( 
(300%) 
Hardness (Shore A 
Hot cut flex (min. ) 
Bureau of Standards abrasion (Index = 100) 
Hot ( 
Schopper tear (lb./eq, in.) 
opper — nic sq. in. 
Freezing point (° C) 
Ozone resistance Excellent 
Ultraviolet resistance Excellent 


TaBLe IV 


AGED PROPERTIES OF VULCANIZED CHEMIGUM SL 
(Cured 15 min. at 280° F) 


“ab./eq tion 
in.) (%) 
Aged in dry heat 
30 days at 158° F 4700 685 
14 days at 250° F 500 580 
Aging in water 
3 months at 77° F 5000 — 
2 days at 200° F 1700 — 
14 days at 158° F 1000 — 
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PHYSICAL PROPERTIES OF CURED CHEMIGUM SL RUBBERS 


Typical physical properties of vulcanized Chemigum SL are shown in 
Tables III and IV. 

As shown by these data, resistance is poor to high temperatures, hot water, 
and steam. 

Dynamic properties of cured Chemigum SL are compared with natural 
rubber and oil-extended GR-S tread stocks in Table V. The data were ob- 


TaBLe V 
PERFORMANCE OF CHemicuM SL 1n TREAD Srocks 
Dynamic properties 
Dynamic Internal Dynamic Relative. 
modulus friction resilience heat 
Rubber stock (kg./sq. em.) (kilopoises) (%) generation 
Chemigum SL 84.4 15.9 63.3 65 
SL 
ohn 196.0 49.1 54.5 128 
Natural rubber 
tread 91.8 35.1 39.6 109 
Oil-extended GR-S 
tread 116.0 59.3 29.0 141 


tained by means of the Goodyear Vibrotester. Polyester rubber compares 
favorably with standard tread stock, having higher resilience and generating 
less heat on flexing than the hydrocarbon rubbers. 


TWIST 


-60 -40 20 20 40 
TEMPERATURE ~°C. 
Fie. 5.—Cold hardening of Chemigum SL. Gehman Twist Method. 


Another disadvantage of these polymers is the tendency to harden at low 
temperatures. Figure 5 illustrates cold properties as measured by the Gehman 
twist method. Chemigum SL freezes at —35° C, compared with —65° C for 
cured natural rubber gum. 

Fillers, such as carbon blacks, and nonblacks such as clays, may be em- 
ployed, but with very little enhancement of physical properties except for 
certain rubbers that have low initial properties. In such rubbers, considerable 
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amounts of black may be used to advantage. Normally there is a decline in 
physical properties with the addition of standard fillers; 300 per cent modulus 
and hardness increase with increased loading. 


VI 
OxyGen ABSORPTION 
Oz Absorbed (cc. per gram of Polymer at 100° C) 
Time ‘Natural rubber GR-S tread 


| 


(hours) tread stocke stocks Chemigum SL 
0 0 0 0 

40 10 4 0.32 

80 27 10 0.48 
120 58 14 0.56 
160 92 18 0.64 
240 — 27 0.88 
320 _ 36 1.04 
450 1.36 
910 2.24 


@ Natural rubber and GR-S tread stocks contain 45 parts of carbon black per 100 parts of rubber and 1.25 
parts of N-phenyl-§-naphthylamine as antioxidant. 


Oxygen absorption data are shown in Table VI. Oxygen absorption for 
typical natural-rubber tread and GR-S tread stocks is appreciable at 100° C 
after 300 hours. After 910 hours, only 2.24 cc. of oxygen per gram of Chemi- 
gum SL was absorbed. 


Fic. 6.—Natural rubber gum stock stretched 400%. 


The x-ray pictures in Figures 6 and 7 show the similarity of Chemigum SL 
to cured natural-rubber gum stock when both are stretched 400 percent. The 
Chemigum SL pattern disappears when relaxed. 
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Fie. 7.—Chemigum stretched 400%. 


APPLICATIONS 


A great deal of work has been done in developing uses for elastomeric 
polyester-urethanes. Potential uses include wear resistant veneers on pneu- 
matic tires. Solid tires have given outstanding performance on electric lift 
trucks. A high degree of cut resistance is exhibited. Soles, heels, belt surfaces, 
and — may be protected by localized application of wear resistant Chemi- 
gum SL. 

Since the raw gum stocks are readily soluble in standard solvents, they lend 
themselves to cement compounding and find use as protective coating on rub- 
ber, plastics, and fabrics. A solution of Chemigum SL sprayed on the surface 
of rubber or plastic gives an adherent, flexible, and scuff-resistant coating that 
is at the same time resistant to sunlight, ozone, and general weathering. 
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SURFACE CONDITION AND ELECTRICAL IMPEDANCE 
IN RUBBER FRICTION * 


A. SCHALLAMACH 


British Russer Propucers’ Researcn Association, WetwyNn GARDEN Ciry, 
Herts, ENGLAND 


INTRODUCTION 


Evidence has been advanced recently! that the frictional force between 
rubber and a hard smooth track is proportional to the true area of contact be- 
tween rubber and track, the area depending on the deformation of the asperities 
on the surface of the sample under the influence of the normal load. It is to be 
expected that, during sliding, the asperities undergo an additional deformation 
as a consequence of the tangential stress. Direct observation of the interface 
rubber-track is difficult, but it was thought that, if the rubber could be made 
electrically conductive, there should be detectable changes in the electric re- 
sistance between sample and track when the rubber is set into motion. Elec- 
trically conductive rubber is easily produced by incorporating carbon black in 
the compound, and the results obtained with such specimens are reported here. 

.Great interest attaches to carbon-loaded rubbers for their own sake as practi- 
cally all rubber tires contain about 30 per cent by weight of carbon black. 


EXPERIMENTAL 


The equipment used for these experiments was the same as in the earlier 
investigation’. Each sample, 3.17 mm. thick and 4.7 sq. cm. in area, was 
bonded to a steel plate which served as one electrode. The other electrode was 
the track, made of chromium-plated brass, over which the sample slid at a 
velocity of 0.00216 cm. sec.~, and under a normal load of 3.96 kg. The track 
was cleaned according to a standard technique with acetone after each run. 
The composition of the samples was as follows: rubber 100, zine oxide 5, sulfur 
2.5, Santocure (accelerator) 0.5, Philblack O (furnace black) 50.0, stearic acid 
2.5, pine tar 4.5, phenyl-8-naphthylamine (antioxidant) 1.0. This recipe repre- 
sents a typical tire tread compound. The samples were cured at 140°C for 
40 minutes, and their sliding surface was molded against a ground-glass plate. 

The first measurements were carried out with a d.c. potential applied be- 
tween sample and track, but it was found that the results were subject to time 
effects and that the samples did not obey Ohm’s law. For this reason the 
experiments were continued with low-frequency alternating current. As will 
be shown later, Ohm’s law was still not followed at these frequencies, but the 
deviations from linearity in the current-voltage curves were relatively unim- 
portant, and measurements could be made within a narrow range of voltages, 
which were kept constant in each individual run. The frequencies employed 
were 21 c/s and 110 c/s. These particular values were dictated, on the low- 
frequency side by availability, and on the high-frequency side by the endeavor 


* Reprinted from the Proceedings of the Physical Society, Vol. B 66, pages 817-825 (1953). 
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to keep clear of the region of anomalous dielectric dispersion’. The alternating 
currents were measured by means of a valve voltmeter shunted by resistances 
of suitable values. 

The ratio of potential difference to current will be referred to as impedance 
R, although this term may be slightly misleading in view of the nonlinearity of 
the phenomena. 


IMPEDANCE CHANGES DURING SLIDING 


When a new sample is put on the track and is loaded normally, the imped- 
ance decreases and reaches a constant value after a few hours. For this rea- 
son the samples were left on the track for at least 12 hours before measurements 
commenced. The equilibrium current-voltage characteristics at the two fre- 
quencies are shown by curves I in Figure 1 (a), which demonstrate the extent to 
which Ohm’s law is not obeyed by this material. The higher current at the 


2le/s //0c/s 


WA 


Current (MA) 
° 
t (ua) 
Current 


25 50 5 
Voltage Voltage 


(a) 


™ Fic. 1.—(a) Current-voltage characteristics of resting sample: I, when new; II, three days after com- 
—-S experiment. (b) Current-voltage characteristics of sliding sample’ after application of d.c. 
poten’ 


lower frequency found under these conditions is most probably due to residual 
inductance in the leads and measuring equipment, since the same effect was 
observed when the sample was replaced by an ohmic resistor. The correspond- 
ing difference in the nominal value of the impedance is small compared with 
effects observed during sliding. 

t. During sliding, the following measurements were made. The frictional 
force was read every 30 seconds, and at the same instants the impedances were 
determined, alternating measurements at 21 c/s and 110 c/s, so that the read- 
ings at each frequency were spaced at one minute intervals. The travel of the 
sample was determined at suitable times. 

The results obtained with a new sample are given in Figure 2 (a), the im- 
pedance measurements having been made at a potential difference of 4.08 v. 
There is no material difference between the impedances at 21 c/s and 110 c/s, 
but they reverse their order during the initial stages of the experiment, so the 
low-frequency value becomes larger than the impedance at the higher fre- 
quency. The character of the impedance curves is very similar to that of the 
frictional force curve. 
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When the drive is switched on (time zero), the frictional force increases 
sharply, while the slack is taken up in various parts of the apparatus, mostly in 
the towing lines. There is a similar increase of the impedances during this 
period, and a point of inflection is found in all curves when static friction is 
overcome and the sample begins to move. The similarity in the time-depend- 
ence of the three quantities is also maintained in such details as the sigmoid 
range following shortly after the point of inflection. Finally, both frictional 
force and impedances become essentially constant, the latter after having 
passed through an ill-defined maximum. 

The sample does not immediately move with the prescribed constant veloc- 
ity, but starts at a slower rate and accelerates until the slack has been com- 


020 


wn 
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Travel (cm) and Force (kg) 
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= Force (kg) ° 
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st 
15 


30 0 
Time (min) Time (min) 


(a) (b) 


Fig. 2.—(a) I. d R, frictional force and travel of a new sample plotted against time. Applied 
voltage 4.08 v. (b) "Impedances of, and shearing force on, rubber sandwiched between two bonded plates 
plotted against time. Applied voltage 1.61 v. 


pletely taken up. The maximum of the impedance curves appears to coincide 
with the region of the travel curve where the sample reaches constant velocity. 

The changes of the impedance described above are only partially reversible. 
When the sample is stopped, the impedances decrease slowly but, as curves II 
of Figure 1 (a) show, they have still 2.5 times their original value after a lapse 
of 3 days. 

Assuming that the effects shown by these experiments have their origin 
partly in the bulk of the rubber, and partly in the surface asperities, it is essen- 
tial to assess the contribution to the effects by the deformation of the bulk 
material. For this purpose a sample was used which had approximately the 
same dimensions as the friction sample but was bonded between two steel 
plates, the lower one of which was fixed to the track and the upper one to the 
carriage usually holding the friction samples. The result of subjecting this 
sandwich to shearing stress is shown by Figure 2 (6). The force rises, of 
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course, much faster than when the sample can move; the absolute values of the 
impedances and their relative increases at comparable values of the stress are 
considerably lower than those of the friction sample. 

A simple variant of the experiment is to repeat the measurements after the 
rubber surface has been abraded. This was done by running the sample a few 
times over silicon carbide cloth‘, changing the direction of motion after each 
run in order to prevent the formation of an abrasion pattern’. As with a new 
sample, some time is required for the rubber to settle down after abrasion, and 
curves a in Figure 3 give the current-voltage characteristics after 24 hours. 


w 


Travel(cm) and Force (kg) 


50 


2 50 


50 
Voltage 10 20 30 
Time(min) 


Fic. 3.—Current-voltage curves of abraded Fig. 4. frictional force and travel 
sample: (a) resting sample, one day after abra- of abraded sam ray against time. Applied 
at 21 c/s, 5 110 c/s, 4.0 v. 


Abrasion affects the conductive behavior of the sample profoundly. The im- 
pedance has increased one to two orders of magnitude, depending on the fre- 
quency. At 110 c/s the current is far larger than at 21 c/s and obeys Ohm’s 
law within the limits of experimental error. The results obtained when the 
sample slides are given in Figure 4. The frictional force increases in the same 
manner as before, but the equilibrium value is about 15 per cent lower than in 
the case of the new sample. From this may be deduced that the true area of 
contact has been reduced by a similar amount. 

The trend of the impedances curves in Figure 4 is also the same as before, 
but the relative increase at 110 c/s is very small compared with that at 21 c/s. 
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The table gives equilibrium values of the relative increases of the impedance in 
the four instances described in this section. 


RELATIVE INCREASE OF IMPEDANCE DURING SLIDING 
uency (c/s) 21 110 
Noa 
Abraded sample 230% 64% 
It will be seen from this table that the effect is reduced by abrasion. 


DISCUSSION OF SLIDING EXPERIMENTS 


After the sample has started to move in the experiments described above, 
the frictional force continues increasing. This is due to two causes. In the 
first instance rubber friction has an approximately logarithmic positive velocity 
coefficient®, so the frictional force rises until the velocity has become constant. 
In addition, there is a mechanism by which the frictional force increases for 
some time, even at constant velocity. This is a sluggish process which depends, 
among other things, on the distance travelled, and is thought to be due to a 
conditioning of the rubber surface’. The sigmoid region of the frictional force 
curve is most probably the outcome of a superposition of these two effects. 
There may yet be another reason for this particular phenomenon because an 
indication of it is found in the stress curves of Figure 2 (b), which suggest a 
peculiarity in the stress-strain curve of the rubber. 

Comparison of Figures 2 (a) and 2 (b) and the effect of abrasion appear to 
prove that the observed impedance changes have their origin preponderantly 
in the top layer of the rubber nearest the track, and are caused by the deforma- 
tion of surface asperities which, because of their smaller combined cross-section, 
undergo at the same applied shearing stress a larger deformation than the bulk 
material. The conditions on the surface are complicated by the fact that there 
are abrupt changes in the cross-section of the electric conductor; in the transi- 
tion from bulk rubber to asperity, the total resistance is not equal to the sum 
of the geometrically calculated resistances, but there is an additional term 
called the spreading resistance*. Similar arguments apply to the impedance. 
The order of magnitude of the effect may be gauged by the simple case of a 
cylindrical asperity of equal diameter and height resting on a highly conductive 
track. The spreading resistance r at the junction of a small cylinder of radius 
a with an infinitely extended conductor is r = p/4a, where p is the specific 
resistivity of the material and amounts in the present instance to about 28 
per cent of the total resistance. If the asperity is strained during sliding, its 
cross-section will most probably be reduced, and it will be seen that, in this 
case, the spreading resistance will increase. The conclusion drawn from these 
considerations is that the spreading resistance or impedance will enhance any 
effects due to deformation of the asperities. 

The results obtained with the new sample will be dealt with in detail first. 
If this rubber were an ordinary, though poor, conductor of electricity, the de- 
formation of the asperities would by itself lead to an increased resistance by a 
‘strain gauge’ effect. However, rubbers of the tire tread type are not ordinary 
conductors, but their conductivity is highly strain sensitive®. This behavior is 
generally attributed to continuous, though open, carbon structure extending 
over large regions of the compound and readily breaking on straining the rub- 
ber”. To estimate the amount of the strain of the asperities necessary to 
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produce impedance changes of the order of those shown in Figure 2 (a), a 
cylindrical sample of 2.54 em. diameter and 1.27 cm. height, bonded to steel 
plates, was extended and its impedance measured. The strain in this experi- 
ment is not well defined, but may be considered as approximating to that of a 
simple extension. It was found that an extension of only 19 per cent sufficed to 
increase the impedance by 350 per cent, and a rough estimate shows that the 
same change of impedance could be brought about by a simple shear of about 
35 per cent, the angle of shear being slightly more than 19°. 

During sliding, the passage of alternating current through the sample ceases 
to be purely conductive as the impedance at 21 c/s exceeds that at 110 c/s. 
This behavior indicates, of course, that a displacement current flows through 
the sample and that the total current is no longer the sole result of electronic 
and ionic conduction, or of the migration of other carriers of electricity. 

With the abraded sample large local deformations occur on the abraded 
surface", and the breakdown of the carbon structure brought about thereby is 
more pronounced than that brought about by the comparatively small strain 
occurring on the surface of a new sample during sliding. The top layer of the 
abraded rubber may be visualized as a dielectric containing well dispersed and 
immovable conductive carbon particles, which increase the dielectric constant 
of this layer, and discrete electricity carriers. The relative magnitude of the 
capacitive and conductive currents depends on the frequency, and at 110 ¢/s 
the contribution of the conductive current to the total current appears to be 
small because of the linearity of the current-voltage curve in Figure 3. The 
nonlinearity of the corresponding curve at 21 c/s, like that of the curves in 
Figure 1, seems to show that the motion of the electricity carriers is not governed 
by Stokes’ law. 

As the conductive part of the current is confined to a path along the de- 
formed asperities, but the capacitive current can pass from the solid back of the 
sample to the track by the dielectrically shortest way, it is not surprising to 
find that the impedance changes shown in Figure 4 should be greater at 21 c/s 
than at 110 c/s. 


THE EFFECT OF A D.C. POTENTIAL 


If the top layer of high electric impedance postulated in the last section exists, 
the following effect may be predicted. When a d.c. potential is applied be- 
tween sample and track, practically the whole voltage drop should take place 
across this top layer and thus give rise to a high electric field strength and to 
electrostatic attraction between sample and track, with a corresponding in- 
crease of the frictional force. 

The results of such experiments are given in Figure 5 for a new sample, and 
in Figure 6 for an abraded sample. Relatively low voltages suffice for the 
production of substantial effects, a voltage of 240 v, for example, increasing the 
frictional force by nearly 50 per cent. 

On switching on the d.c. potential, the frictional force does not immediately 
rise to its final value. Within the first one or two minutes the frictional force 
rises quickly and then continues increasing at a lower rate for at least 30 min- 
utes (cf. Figure 6) before it becomes constant. 

These and other time effects, shown in Figures 5 and 6, are almost certainly 
connected with the time dependence of the direct current flowing through the 
sample. The current decreases rapidly after being switched on; during the 
first five minutes it drops to about one-third, and then becomes constant at 
one-tenth, of the initial value. It is thought that the declining current is due 
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to the exhaustion of ions or other carriers of electricity in the top layer, thus 
leading to a higher resistance and higher field strength across the sample. That 
the passage of direct current produces a physical change in the sample is 
demonstrated by its subsequent behavior towards alternating voltages. The 
changes brought about by the direct current are most pronounced in the new 
sample where, as Figure 1 (b) shows, the impedance is increased many times 
and has become frequency dependent. The effect is similar but not so pro- 
nounced in the abraded sample, as seen in Figure 3. These findings are com- 
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Fia. 5.—The effect of d.c. potentials on a) na force of a new sample 
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patible with the view that the number of electricity carriers has been reduced by 
the direct current. 

Electrostatic attraction can be shown by another, rather striking, method. 
Because of the positive velocity coefficient of rubber friction, rubber can be 
made to slide along a track under constant tangential stress’. If this is done 
with a sample of tire-tread rubber, application of a d.c. potential stops the 
sample instantaneously. 

The electrostatic force does not, in principle, depend on the process of slid- 
ing, and it should be possible to demonstrate it with a resting sample of abraded 
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Fic. 6.—The effect of d.c. potentials on the frictional force of an abraded sample 
plotted against time. 
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rubber where, it has been pointed out, a permanent modified top layer exists. 
The difficulties in this experiment are the same as those encountered when the 
welded bridges between contiguous pieces of metal are to be evinced directly"; 
local contacts between sample and track must all be equally maintained while 
the normal load is removed. It has been found possible to make rubber adhere 
electrostatically to metal, but the results depended very much on the manipula- 
tive skill of the experimenter. 


THE THICKNESS OF THE TOP LAYER 


If it is assumed that the total d.c. voltage drop occurs in the top layer, the 
effective thickness of this layer can be estimated from the observed increase of 
the frictional force, provided the coefficient of friction is known. The difficul- 
ties in this calculation are to determine the exact increase of the frictional force, 
and to find the value of the dielectric constant of the top layer. Figures 5 and 
6 make it clear that equilibrium values take a long time to establish, and the 
physical properties of the sample change during the experiment. The electro- 
static force should be proportional to the square of the applied voltage, but the 
data do not quite give this result. Fortunately, the calculated thickness does 
not depend critically on the other factors because in a plane parallel condenser, 
to which the top layer approximates, d = 6.71 X 10-7 (eV? A/N)!, where d is 
the thickness in em., ¢€ is the dielectric constant, V the potential difference in 
volts, A the area in sq. cm., and N the electrostatic, i.e. normal, force in kg. 
According to Figure 6, 240 v give an increase of the frictional force of about 3.6 
kg. The coefficient of friction in this region is 1.9, so that the normal load has 
increased by about 1.9 kg. With these figures d = 8.03 X 10-et cm. If the 
carbon black were dispersed as isolated spheres, the theoretical value of the 
dielectric constant of the top layer would be about 4, the dielectric constant of 
the rubber hydrocarbon taken to be equal to 2.4. If the original carbon struc- 
ture survived in the form of short rods with the average length to diam- 
eter ratio 4/1, which is a likely value, the dielectric constant (Sillars 1937) 
should be about 10. The order of magnitude of the thickness of the top layer 
is therefore a few thousandths of a centimeter. 


CONCLUSIONS 


The experimental evidence adduced in this paper appears to confirm the 
view advanced in the Introduction that, during the sliding of rubber, a surface 
layer in contact with the track suffers considerable deformation. In the case of 
rubbers of the tire tread type, this top layer acquires physical properties differ- 
ent from those of the bulk material. In particular, its electrical resistance be- 
comes very high and large electrostatic forces can be produced across it by 
means of moderate d.c. potential differences. 

The top layer is to a certain extent permanently modified on abraded rub- 
ber. The existence of such a layer on the basis of other observations’ has been 
suggested at an earlier occasion. 


SUMMARY 


It is shown experimentally, by employing electrically conductive rubber, 
that, during the frictional gliding of rubber, a thin layer in contact with the 
track undergoes a deformation which considerably increases the electrical im- 
pedance of this layer. In the case of previously abraded rubber, the layer is 
permanent. If a d.c. potential is applied between sample and track during 
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sliding, electrostatic attraction between sample and track is produced, and this 
increases the frictional force. The thickness of the layer, estimated from the 
magnitude of the electrostatic force, is a few thousandths of a centimeter. 
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MIGRATION EFFECTS IN OVEN AGING * 


A. E. Juve anp R. SHEARER 


B. F. Goopricn Researcn CenTer, Onto 


Oven aging tests on rubber compositions are known to be affected by other 
compositions with which they might be aged. The American Society for Test- 
ing Materials Method D573 recognizes this, and the procedure specifies that 
simultaneous aging of a mixed group of different compounds should be avoided 
if possible. Few data exist in the literature on the extent of the effect of one 
material on another, although a recent paper? has presented data on this point 
for the oxygen-bomb method*. 

Aside from the effect on one material by another when aged simultaneously, 
there is also the possibility that ovens may become contaminated by continued 
use so that, even though simultaneous aging is avoided, an undesired effect may 
be produced. 

This study was undertaken to determine the magnitude of these effects. 
As a part of this report, we also include some unreported data bearing on this 
subject which were obtained in a cooperative program sponsored by Section IV 
of the joint SAE-ASTM Committee on Automotive Rubber*. The authors are 
indebted to this committee for permission to use these data. 

This latter program was undertaken to find the reason for the erratic be- 
havior of a nitrile-rubber stock vulcanized with TMTD (tetramethylthiuram 
disulfide) in an earlier cooperative test program’ designed to compare the test- 
tube method of aging with the oven method®. In this study, the oven-aging 
results obtained with this compound were unexpectedly erratic for those tests 
made at 70° and at 100° C. In the procedure used, it was specified that the 
aging tests at these two temperatures could be run simultaneously with the 
other compounds in the test program and concurrently with other routine aging 
tests. Tests at 125° and 150° C, however, were to be run individually. Since 
the 70° and 100° C oven tests for this material were the most erratic, a reason- 
able suspicion would be that this particular material was more sensitive to 
contamination by other materials than were the other stocks included in the 
program. 


PROCEDURES 


For most of the tests reported herein, the effects of one material on another 
were determined by the difference between the degradation observed for a 
single material aged by the test-tube method and that observed when the ma- 
terial was aged, also by the test-tube method, but with one dumbbell sand- 
wiched between two dumbbells of the second stock and separated from them by 
about } inch. 


SAE-ASTM TESTS 
For the cooperative SAE-ASTM program, aging tests were run, utilizing 
dumbbell specimens from the same lot of material as in the original tests. 
* Reprinted from the India Rubber World, Vol. 128, No. 5, pages 623-625, August 1953. 
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Compound No. 2 was the nitrile-rubber stock referred to above, and Compound 
No. 3 was a natural rubber tread stock, normally compounded. Tests were 
run by the test-tube method with a dumbbell of Compound No. 2 sandwiched 
between two dumbbells of Compound No. 3. For each condition of exposure, 
three test tubes were prepared so that three specimens of Compound No. 2 
would be available for testing. As controls, an additional tube containing three 
specimens of Compound No. 2 was run. Five laboratories participated in the 
tests. The times and temperatures chosen were as follows: 
1024 hrs. at 70° C 
128 hrs. at 100° C 


24 hrs. at 125° C 
4 hrs. at 150° C 


TESTS BY GOODRICH RESEARCH CENTER 


For the program conducted in the authors’ laboratory, three natural-rubber 
tread-type compositions were chosen, having the formulations given below. 


Compound Cc 
Natural rubber* 100 
Zine oxide 
MBTSt 
EPC black 
Stearic acid 
Sulfur 
PBNAt 
TMTD 
Cure 40 min. at 284° F 


* A blend of smoked sheets was used. 
+ Benzothiazyl disulfide. 
Phenyl-68-naphthylamine. 

Compound B is the natural-rubber tread-type recipe of ASTM Method 
D-15-52T. Standard pigments obtained from the Bureau of Standards were 
used except for the PBNA. 

Special precautions were taken to prevent contamination of the stocks prior 
to the start of the aging tests. The mill rolls, guides, molds, and all tools were 
washed with acetone before and after each stock was processed. The operators 
washed their hands with soap and water before and after handling each stock. 
Both the unvulcanized stock and the cured sheets for a particular compound 
were kept isolated from the other compounds to prevent any migration of 
materials. 

The first series of tests was run for the purpose of establishing that the 
deterioration by the test-tube method was equal to that obtained by the oven 
method when a new oven was used and that there was an appreciable difference 
in severity when an old oven was compared with a new oven. For these pur- 
poses, Compounds A, B, and C were aged as follows: (1) in test tubes in accord- 
ance with D865-50T; (2) individually in a new oven in accordance with 
1573-48 ; (3) individually in an oven which had been used for many years, also 
in accordance with D573-48. 

Compound A was aged for 100 hours, and Compounds B and C for 1000 
hours at 70° C. For both the aged and the unaged values of stress-strain, six 
specimens were tested. 

For the second series of tests, Compounds A, B, and C were aged by the 
test-tube method at 70° C for various time intervals both alone and in various 
combinations as follows: 
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(1) Compound A aged alone, 50, 100, 200, and 400 hours. 

(2) Compound B aged alone, 200, 400, 800, and 1600 hours. 

(3) Compound C aged alone, 400, 800, 1600, and 3200 hours. 

(4) Compound A aged between two specimens of Compound B and also 
between two specimens of Compound C for 50, 100, 200, and 400 hours. 

(5) Compound B aged between two specimens of Compound A and also 
betwen two specimens of Compound C for 200, 400, 800, and 1600 
hours. 

(6) Compound C aged between two specimens of Compound A and also 
between two specimens of Compound B for 400, 800, 1600, and 3200 
hours. 


In each case a sufficient number of test tubes were aged at each interval so 
that six specimens of the compound of interest could be tested. 

Separate mixes were made for the two series of tests which were run at 
different times. For this reason the results obtained in the two series are not 
strictly intercomparable. 

In all cases the median values for tensile strength and modulus were deter- 
mined. 

RESULTS 


For the cooperative test program, the pertinent data are given in Tables 1, 
2, and 3. In Table 1 are given the averages for 300 per cent modulus, tensile 
strength, and elongation for the three specimens tested under each of the condi- 
tions chosen and for each of the five laboratories. The very marked differences 
between the two sets of data are evidence of a migration effect of some material 
originating in the conventional stock and affecting the TMTD cured nitrile 
rubber stock. It was observed that in all cases the specimens of Compound 
No. 2 sandwiched between specimens of Compound No. 3 developed a hard 
surface crust. As a matter of interest the average results previously reported® 
for these aging periods by the test-tube method are also shown. The agree- 
ment between the two sets of data is quite good. 

The individual results from each laboratory for the oven-aged specimens of 
this same compound at 70 and 100° C, some of which were not included in the 
previous report’, are shown in Table 2. It is evident that the degree of the 
migration effect varied widely from one laboratory to the next. 

One laboratory in this test program reported stress-strain data on the speci- 
mens of Compound No. 3 between which the specimens of Compound No. 2 
were sandwiched. A comparison of these results with the averages previously 
reported for the aging for the same times and temperatures should give an 
indication of the effect of Compound No. 2 on Compound No. 3. These data 
are given in Table 3 and show that in this case also an appreciable, though less 
radical, effect was found. 

The results of the first series of tests run in the authors’ laboratory are given 
in Table 4. These data show that the test-tube method and the oven method 
give results which are nearly identical when a new uncontaminated oven is 
used; but when an old oven is used, greater deterioration of all three stocks is 
observed. 

The results of the second series of tests are given graphically in Figures 1 to 
6 inclusive. 

In Figures 1 and 2, Compound A is shown to deteriorate less for aging times 
of more than 100 hours when aged in close proximity to specimens of Com- 
pounds B and C. 
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TABLE 1 
Compounp No. 2 Acep By Test-Tuse MeEtTHop 


Time and temperature 
1024 hrs. at 70° C 


Ave. of previous tests 
128 hrs. at 100° C 


Ave. of previous tests 
24 hrs. at 125° C 


Ave. of previous tests 


4 hrs. at 150° C 
492 


470 250 
450 275 
272 


Ave. 2644 
Ave. of previous tests 491 


* Modulus values not reported. 
, ioe one result was obtained for 300% modulus (Ib. per sq. in.), which was 687, for Lab. No. 1—4hrs. 
a 3 


In Figures 3 and 4, Compound B is shown to be relatively unaffected by 
aging in close proximity to specimens of Compound A and Compound C. 

In Figures 5 and 6, Compound C is shown to deteriorate very much faster 
when aged in close proximity to specimens of Compounds A and B than when 
aged alone. 

TABLE 2 
Oven Acep Resutts ror Compound No. 2 


300% 
modulus 
Aging time and ‘ (Ib. per 
temperature sq. in.) 


1024 hrs. at 70° C 


128 hrs. at 100° C 


Aged between 
two specimens 
of Compound 

Aged alone No. 3t heey 
300% ‘Tensile Tensile 
modulus strength % strength % (bad 
Lab. (b. per (lb. per elonga- (lb. per elonga- 
No. sq. in.) sq. in.) tion sq. in.) tion 
1 1658 2658 483 633 83 ae 
2 1883 2653 440 550 107 ue 
3 * 2773 450 556 83 
4 1987 3050 453 663 100 Hoek 
5 1769 2696 510 631 112 ees 
Ave. 1824 2766 465 605 97 
1817 2658 460 600 
2 1793 2627 407 733 160 a 
3 * 2167 308 642 100 woe. 
4 2180 2723 393 823 156 he ar 
5 2095 2594 387 827 175 Es 
Ave. 1971 2554 391 725 143 eee 
1758 2558 450 912 200 
2 1950 2713 420 1063 213 
3 * 2537 516 741 168 mee 
4 2150 2915 405 990 193 : 
5 2055 2656 400 1007 250 ae 
Ave. 1978 2676 438 943 205 
1819 2714 443 
950 310 
1217 290 
1037 233 
4 1730 2680 ee 
5 1645 2576 an 
Tensile 
strength 
(Ib. per Elonga- 
l — 1800 275 
3 628 100 
5 2022 2515 420 ene 
l 1500 220 
3 966 172 
5 2076 2236 320 Bee. 
6 1679 2548 448 Pin. 
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TABLE 3 
Aaine Data on Compounp No. 3 
Aged with Com- 
Aged alone previous data 


Aging time and % i (Ib. per 
temperature . in. sq. in.) 
1024 hrs. at 70° C 1945 
128 hrs. at 100° C 
24 hrs. at 125° C 356 
4 hrs. at 150° C* 


* Only one result was obtained for 300% modulus (Ib. per sq. in.), which was 572, for 4 hrs. at 150° C. 


TABLE 4 


CoMPARISON BETWEEN Test TuBE, NEw OVEN, AND 
Oven at 70° C 


300% % % 
mod- re- Tensile re- Elonga- 
tained strength tained tion 


100 hrs. in T. T. 
New oven 
Old oven 


Original 

1000 hrs. in T. T. 
New oven 
Old oven 


Original 
1000 hrs. in T. T. 
New oven 
Old oven 


200 
HOURS e 70°C. W TEST TUBES 


Fie. 1.—Tensile strength vs. ping ime for A, 
alone and between Compounds B and 


oid Tensile 300% Tensile 
strength Elonga- modulus strength Elonga- 
r tion 
) (%) 
371 
156 
81 
370 
Compound A 
bitin: Original 2250 3955, 480 
i 1985 88.2 2895 73.2 420 87.4 ; 
a 1915 85 2780 70.3 425 88.5 
winaae 1765 78.3 2400 60.7 395 82.3 
oa 2440 4345 495 
1410 32.3 230 46.5 
1355 31 220 44.4 
1010 23.2 195 39.4 
Compound C 
ee 2010 3775 470 
gs 2305 114.8 3215 85.2 390 82.8 
2340 116.3 3155 83.5 387 82.3 
. Aa 2525 125.9 2875 76.2 335 71.2 
bed % 320% 
COMPOUND A 
x-Aged Alone 
o-Aged Between 
Aged Between C 
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&-Aged Between C 


Psi 1073 


200 


HOURS @ 70°C. IN TEST TUBES 


Fie. 2.—Modulus vs. aging time for Goodrich Compound A, alone and 
betseen Compounds B and C. 
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Fie. 4.—Modulus vs. aging time for Goodrich Sqpneens B, alone and 
between Compounds A and 
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6.—Modulus vs. aging time for C, alone and 
between Compounds A and B. 


DISCUSSION 


There appear to be two sources of materials which may influence the results 
of oven aging tests. One is contaminants from the oven itself, accumulated 
from previous tests; the other from other materials which may be aged simul- 
taneously with the stock of interest. The former appear always to have an 
adverse effect; while the latter may have either a beneficial or adverse effect. 

The nature of the contaminants in a used oven was not investigated, but 
since they have an adverse effect, even on a stock containing no age-resister, 
they are obviously not age-resisters. They could be relatively stable peroxides 
as well as a variety of sulfur compounds. 

In the SAE-ASTM cooperative program, the stiffening and crust formation 
of Compound No. 2 (a TMTD vulcanized nitrile-rubber stock), when aged 
either in ovens with mixed compounds or in test-tubes in close proximity to 
Compound No. 3 (a normal sulfur stock) are no doubt due to the migration 
of sulfur or sulfur compounds capable of further cross-linking of the TMTD 
vulcanized stock. 
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The beneficial effect of Compounds B and C, both of which contained 
PBNA, on Compound A, which contained no age-resister in the Goodrich tests, 
is no doubt due to the migration of some of the PBNA to Compound A. The 
adverse effect of Compounds A and B on Compound C is similar to the case of 
Compound No. 2 discussed above. 


CONCLUSIONS 


Aging of materials individually in ovens contaminated from previous usage 
does not assure freedom from contamination. These contaminants cause an 
increase in the rate of deterioration. 

Materials migrating from unlike stocks aged together may have varying 
effects, adverse, beneficial, or no effect, depending on the compositions being 
employed. 

The test-tube method of aging is an excellent method for studying these 
migration effects as well as for conducting routine aging tests in their complete 
absence. 


REFERENCES 
1 Anes ey, ag Testing Materials, “ASTM Standards for Rubber Products”, ASTM Designation 


2 Fackler and Rugg, —_ ‘Chem. 23, 1646 (1941). 
Societ; Testing Materials, ‘ASTM Standards for Rubber Products”, ASTM Designation 


4 Society ares Automotive , 29 West 29th St., New York, N. 
5 Soho ny Juve, “Symposium on Aging of Synthetic Rubbers”, “ASTM Special Technical Publication 


89 (1949 ). 
6 ae... Society for Testing Materials, ‘ASTM Standards for Rubber Products’, ASTM Designations 
D573-48 and » Dec. 1952. 


| 
phe 


CRACKING OF STRESSED RUBBER 
BY FREE RADICALS * 


J. CRABTREE AND B. S. Biaes 


Beit TevepHone Lasporatories, Murray Hitt, New Jersey 


The characteristic cracking of rubber by ozone has been well known for 
many years and has been the subject of numerous investigations. While this 
phenomenon has hitherto been considered unique with ozone, we find it not to 
be so, and that a cracking of rubber indistinguishable from that produced by 
ozone follows on exposure of stressed rubber to vapors of volatile peroxides 
irradiated by ultraviolet light. Moreover, the presence of oxygen is not neces- 
sary, the reaction occurring equally well in an atmosphere of nitrogen. Thus, 
the cracking apparently is due to the free radicals resulting from the photolysis 
of the peroxides. In the presence of nitrogen peroxide, the reaction is acceler- 
ated, as shown by an increase of the rate of rubber cracking and by a peroxide 
balance sheet, determined by chemical analysis. The photolyzed nitrogen 
peroxide evidently functions as a catalyst for the breakdown of the peroxide, 
since no change occurs in the dark. Cracking by such different radicals as 
tertiary-butoxy, phenyl, benzoyl, acetyl, and hydroxy! has been observed. 

There have been frequent reports in the recent literature of unusually high 
concentrations of atmospheric ozone in the Los Angeles area, usually associated 
with “aerial smog”. The identity of the ozone has been determined on the dual 
basis of liberation of iodine from potassium iodide solution and the cracking of 
stressed rubber. The high values are said to prevail only in the presence of 
sunlight and high concentrations of nitrogen oxides. In explanation', an inter- 
esting mechanism has been invoked, whereby nitrogen peroxide functions as a 
catalyst for ozone formation through the steps of photolysis by sunlight, with 
liberation of atomic oxygen and nitric oxide, formation of ozone by the former, 
and recombination of the latter with molecular oxygen to restore the nitrogen 
peroxide. A further suggestion involves the cooperation of peroxides or hydro- 
carbons susceptible to oxidation to volatile peroxides, ozone again being postu- 
lated as a final product. 

In view of our laboratory observation of the cracking of rubber by free 
radicals, it appears to us that such a mechanism may be a contributing factor 
in rubber cracking under atmospheric conditions such as are present in the Los 
Angeles area, the radicals being produced by the catalyzed photolysis of volatile 
peroxides present in the smog. 

Evaluation of the relative importance of this explanation, compared with 
the ozone mechanism, can be made only after sufficient data are available on 
ozone concentrations determined by positive means. 
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* Reprinted from the Journal of Polymer Science, Vol. 11, No. 3, pages 280-281, September 1953. 
456 


ate 
~ 
if 
. 


AN INTERESTING PROPERTY OF CERTAIN 
CONDUCTIVE RUBBERS * 


L. G. Kersta 


Bett Lasoratories, Inc., Murray Hitt, New Jersey 


During the course of electrical measurements of conductive rubbers, an 
interesting characteristic of some such materials was discovered. As far as we 
know, this characteristic has not been previously reported'. It was found 
that, under certain conditions, a polysulfide rubber (Thiokol LP)? shows a 
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ELONGATION IN PER CENT 


Fie. 1.—Example of negative resistance-elongation characteristics 
ound in certain conductive rubbers. 
decrease of electrical resistance as the material is stretched. The resistance 
declines up to elongations of perhaps 20 per cent. Beyond this it becomes 
fairly flat for an interval, and then increases from there on to the elastic limit. 
An example of elongation vs. resistance is shown by the full line of the accom- 
panying figure. 
* Reprinted from the Journal of Polymer Science, Vol. 10, No. 4, pages 447-448, April 1953, 
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There is also a “hysteresis” effect. That is, the variation of resistance with 
elongation follows a different relationship during extension than on return to 
normal. An example of the return-to-normal relationship is shown by the 
broken line in the accompanying figure. 

Both the negative relationship of resistance to elongation and the hysteresis 
effect are apparently functions of a number of parameters. As we might 
expect, they change with curing procedure. Sheets from which early samples 
were taken were made by a spraying process. Heating and aging conditions 
were varied to determine, in a preliminary way, the importance of these effects. 
Both air-cured and milled heat-cured samples were measured. One general 
conclusion of these experiments is that the unique electrical characteristics are 
readily reproducible. 

Other conductive elastic materials were measured. These included a 
conducting natural rubber*, a Butyl material, and a Neoprene sample in which 
silver particles were embedded. In all these cases resistance-elongation fol- 
lowed a positive slope. 

In this study the interest was primarily in the conductive properties of 
available materials. No attempt has been made to advance a theory for the 
properties encountered. However, it seems reasonable to suspect that the 
well-known electrical properties of carbon under compression and the decrease 
in section with elongation would be involved. 


REFERENCES 


1 References concerning conductive rubbers include Electrical Review (London), June 3, 1938, p. 800; 
British patent 396,891 (Aug. 7, 1933); U. 8. patent 2,466,963 (Apr. _ ye). 
*R. C. oes formerly at the Telephone Laboratories, and now at the 8S. Plywood Company, 


in this st 
+ This coma cae of qoutes rubber was kindly furnished by the Institution of the Rubber Industry. 


% 
Pin. 
uk 
q 


STUDIES OF THE HEAT DETERIORATION 
OF SPECIALLY PREPARED NATURAL 
RUBBER VULCANIZATES * 


Donatp J. Metz anp Rosert B. 


Institute or Potymer Researcu, Pouiytecunic Instirvure oF BRooKLyYN, 
Brooxtyn, N. Y. 


In 1949, Flory, Rabjohn, and Shaffer' presented an article describing the 
dependence of the elastic properties of vulcanized rubber on the degree of cross- 
linking. In order to prepare rubber vulcanizates characterized by known de- 
grees of cross-linkage recently developed’, disazodicarboxylate vulcanizing 
reagents were employed. These reagents react quantitatively with rubber, 
one cross-linkage being introduced for each molecule of the reagent. Whereas 
the conventional vulcanization of rubber with sulfur and accelerators is a com- 
plex process and it does not appear possible at the present time to specify the 
exact number of cross-linkages present in sulfur vulcanizates, the use of disazo- 
dicarboxylate vulcanizing reagents presents an opportunity to investigate the 
changes that occur in the physical properties of vulcanized rubber, character- 
ized by known degrees of cross-linkage, on exposure to oxygen at elevated tem- 
peratures. Furthermore, the effect of heat deterioration of various chemical 
agents commonly employed in sulfur vulcanization recipes may be investigated 
in a unique way by incorporating such chemical agents in the free state into 
natural rubber previously vulcanized by disazodicarboxylate reagents. 

Recent studies of the deterioration of rubber vulcanizates at elevated tem- 
peratures have been reported by several workers*. In this article, the experi- 
mental methods employed to study heat deterioration involve measurements of 
oxygen absorption, stress relaxation, and changes of 100 per cent modulus of 
natural rubber vulcanized to known extents of cross-linkage by decamethylene- 
dismethy] azodicarboxylate. 


EXPERIMENTAL 
MATERIALS 
The synthesis of decamethylenedismethyl azodicarboxylate: 


and its behavior as a vulcanizing reagent is described‘ elsewhere. The purified 
product obtained by several recrystallizations from a mixture of equal volumes 
of ethyl acetate and hexane showed a constant melting point in the range 37.5- 
39° C. (This reagent will be referred to as DDMA throughout this article.) 
The DDMA was used immediately after preparation for the vulcanization of 
natural rubber. 

Pale-crepe rubber was broken down slightly by repeated passes between mill 
rolls and then shredded. The rubber was then allowed to remain in contact with 


* Reprinted from the Journal of Polymer Science, Vol. 11, No. 1, pages 83-92, July 1953. 
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TaBLeE I 


CueEemicaL AGENTS STUDIED 
1. Sulfur 6. Tetramethylthiuram disulfide 
2. Phenylhydrazine (Tuads) 
3. Cumene hydroperoxide 7. 2,2'-Mercaptobenzothiazole 
4. Benzoyl peroxide (Altax) 
5. Pheny!--naphthylamine 8. Diphenylguanidine (DPG) 
(PBNA) 9. Di-o-tolylguanidine (DOTG) 


acetone in darkness at room temperature for 36 hours. Following acetone ex- 
traction, the rubber was dried in vacuo at room temperature. A stock solution 
of the purified rubber containing about 5 per cent of rubber in benzene was 
prepared at room temperature, filtered under pressure and stored in darkness. 
The concentration of the stock solution was accurately determined by evaporat- 
ing an aliquot portion to dryness and weighing the residue. The viscosity- 
average molecular weight of the rubber in the stock solution was found to be 
870,000, using the constants of Carter, Scott, and Magat® to relate intrinsic 
viscosity in benzene with molecular weight. 

Table I lists the various chemical agents employed in the present study. 
These materials were obtained from commercial sources and were used as 
received. 


PREPARATION OF VULCANIZATES 


Essentially the same procedure as that described by Flory, Rabjohn, and 
Shaffer! was used to prepare sheets of natural rubber vulcanized with DDMA. 
The thickness of the sheets ranged between 4 and 5 mils (inches X 10°). A 
total of four samples of natural rubber vulcanizate were prepared, containing 
the following equivalent percentages of DDMA: 0.20, 0.50, 1.00, and 1.50. 
Vulcanization with an equivalent percentage of 1.00 DDMA denotes, for ex- 
ample, that 1.00 per cent of the structural isoprene units are cross-linked (i.e., 
1 in every 100 isoprene units is cross-linked). 

Samples of natural-rubber vulcanizates containing the different chemical 
agents listed in Table I were prepared in the following manner. A weighed 
sample of rubber® vulcanized with 1.00 per cent DDMA was allowed to swell in 
benzene at room temperature under nitrogen for 24 hours, after which time the 
weight of the swollen rubber was determined. Having specified the amount of 
benzene which enters into the rubber, it was then possible to calculate the 
quantity of chemical agent needed to be dissolved in benzene prior to swelling to 
yield a concentration of 3 X 10~* (moles per gram of rubber) of chemical agent 
in the rubber vulcanizate. After the swelling operation, the rubber vulcanizate 
was dried to constant weight in vacuo at room temperature. From the in- 
crease of weight of the dried rubber, the amount of chemical agent incorporated 
into the rubber could be determined and the result was generally found to 
agree closely with the expected value. 


APPARATUS 


Oxygen absorption measurements were carried out at a constant oxygen 
pressure of 1 atmosphere in a static system. The apparatus employed has 
been previously described’. For the studies of continuous stress relaxation, a 
modified stress relaxometer* was used. The modification consisted of replacing 
the usual 100-gram rider for one measuring stresses up to 10 grams, and was 
necessitated because of the small loads required with rubber samples only 5 mils 
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thick. The measurements of continuous relaxation were made at 80° C and 
at 100 per cent elongation. This elongation was chosen, since it has been shown! 
that, at 100 per cent elongation, the stress in natural-rubber vulcanizate pre- 
pared with 1 equivalent per cent of DDMA agrees exactly with that expected 
from the rubber theory of elasticity. Actually, the deviation from theory is 
quite small for the rubber vulcanizates employed here, where the equivalent 
per cent of DDMA ranges from 0.20 to 1.50. 

The change in 100 per cent modulus of the rubber vulcanizates during ex- 
posure at air at 80° C was measured with the stress relaxometer under the condi- 
tions usually employed for intermittent stress relaxation measurements’. 

Creep measurements of the rubber sample containing 1 equivalent per cent 
of DDMA at 80 and 100° C were made in an apparatus of the type previously 
described”. The entire unit, however, was considerably reduced in size and 
could be inserted into a wide (80 mm.) glass tube. The entire system could 
then be evacuated to 10-* mm. Hg. 


EXPERIMENTAL RESULTS 


DEPENDENCE OF HEAT DETERIORATION ON EXTENT OF VULCANIZATION 


In Figure 1 are represented the changes of 100 per cent modulus at 80° C of 
the four natural-rubber vulcanizate samples prepared with 0.2, 0.5, 1, and 1.5 
equivalent per cent of DDMA. In Figure 2 the relative rates of continuous 
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Fre. 1.—Cha in 100 per cent modulus of natural rubber vulcanized to various 
extents with d thylened thyl azodicarboxylate (DDMA) at 80° C. 
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00.20% ODMA 
@ 0.50% DOMA 
@ 1.00% D0MA 
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Fre. 2.—Relaxation in stress of natural rubber vulcanized to 
methyl azodicarboxylate (DDMA) at 80° C and 100 per cent elongation 
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stress relaxation of these same four samples at 80° C are shown. In this figure, 
the stress divided by initial stress (S/So) is plotted as a function of logarithmic 
time. The horizontal dotted line in Figure 2 indicates the point at which the 
relative stress has decayed to 1/eth (0.38) of the original stress. It would seem 
from Figures 1 and 2 that the higher the amount of DDMA in the rubber vul- 
canizate, the more resistant the rubber becomes to heat deterioration. On the 
other hand, it is evident from Figure 3 that the rates at which these four rubber 
samples undergo oxidation at 80° C are nearly identical. In this case, the 
moles of oxygen absorbed per gram of rubber are plotted as a function of time. 
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Fig. 4. —Chain scission in natural rubber vulcaniz 


It has been previously shown" that the rate of continuous stress relaxation 
of rubber vulcanizates held at constant extension may be used to calculate the 
total number of cuts that occur in the rubber as a function of time. The rela- 
tionship is: 

q =— In S/So (1) 
where q = moles of cuts per gram of rubber, M. = molecular weight between 
cross-links of the vulcanizate prior to aging, and S/So = relative stress of the 
rubber at any time, measured by continuous stress relaxation. 

If Equation (1) is applied to the stress relaxation data given in Figure 2, it 
is found that the rates of chain scission of the four rubber samples are identical. 
These calculations are represented in Figure 4, where the moles of “‘cuts’’ per 
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IN VACUO 
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Fie. 5.—Creep of natural rubber vulcanized with 1.00 per cent decamethylene- 
dismethyl azodicarboxylate in the p and of oxygen. 


gram of rubber are plotted as a function of time. It may also be of interest to 
note that the resultant curve has the same autocatalytic shape as the oxygen 
absorption curve shown in Figure 3. 

The data represented in Figures 3 and 4 clearly demonstrate that the heat 
deterioration of natural rubber is not affected by the amount of DDMA incor- 
porated into the rubber when the heat deterioration is specified by chemical 
changes, such as oxygen absorption and chain scission. Alternatively, heat 
deterioration as specified by changes in physical properties of the rubber is 
markedly dependent on the degree of cross-linkage (Figures 1 and 2), being 
most pronounced in slightly cross-linked rubber and least pronounced in highly 
cross-linked rubber. In principle, it would seem important that, whenever the 
relative beneficial or deleterious action of chemical agents on heat deterioration 
are to be studied, the initial state of cross-linkage of the rubber should be speci- 
fied. It is conceivable, for example, that a potentially good antioxidant for 
rubber aging may appear ineffective, since the reagent also retards the vul- 
canization process, thereby producing vulcanizates of low degree of cross-link- 
age. In any event a comprehensive study of heat deterioration might well in- 
clude observations of chemical changes as well as changes in physical properties. 

It is possible that the heat deterioration of the rubber samples vulcanized 
with DDMA arises from causes other than oxidative breakdown. The DDMA 
reagent, for example, might contain weak linkages, which decompose thermally 
at that temperature (80° C) used in this study. To explore this possibility 
further, studies were made of the creep behavior of the vulcanizate prepared 
with 1 equivalent per cent of DDMA at 80° and 100° C in the presence and 
absence of oxygen. The results obtained are given in Figure 5, where it is seen 
that, in the absence of air, the rate of creep is almost negligible relative to the 
rate when oxygen is present. The creep function (S/S) is plotted against 
logarithmic time in the same manner as continuous stress relaxation data. 
The relationship between creep and stress relaxation measurements in terms of 
the scission and cross-linking processes that accompany the heat deterioration 
of rubber have been discussed” previously. In this instance, creep rather than 
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stress relaxation was employed for reasons of experimental simplicity. Stress 
relaxation measurements in the absence of air require an elaborate apparatus", 
while creep measurements in vacuo are relatively simple to perform. 


EFFECT OF CHEMICAL AGENTS ON HEAT DETERIORATION 


Studies of the relative rates of stress relaxation of natural-rubber vulcani- 
zate containing the various chemical agents listed in Table I are shown in 
Figures 6 and 7. The studies were made at 80° C, using a rubber vulcanizate 
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Fie. 6. —Effect of chemical agents on continuous stress relaxation of natural rubber vulcanized with 
1.00 per cent d hyl azodicarboxylate at 80° C and 100 per cent elongation. Concen- 
tration of chemical agents = 3 X 10~ mole per gram rubber. 
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oF —Effect of chemical agents on continuous stress relaxation of natural rubber vulcanized with 
1.00 per cent d yl azodicarboxylate at 80° C and 100% elongation. Concentration 
of chemical agents = 3 *X 107 mole per gram rubber. 
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prepared with 1 equivalent per cent of DDMA. This amount of DDMA cor- 
responds to a vulcanizate having an average molecular weight between cross- 
links of 6,800, i.e., M.= 100 X molecular weight of each isoprene residue. As 
previously mentioned, the chemical agents were incorporated in the free state 
into the rubber vulcanizate by swelling the rubber in benzene containing an 
appropriate amount of the chemical agent. Inasmuch as the initial extent of 
cross-linkage of each rubber sample was the same, the only apparent way in 
which the samples could exhibit differences in relaxation rate is by the influence 
of the added chemical agent. As seen in Figure 6, the antioxidant, PBNA, 
greatly retards the scission rate relative to the control stock containing no added 
chemical agent. Also, the presence of free sulfur has a small effect on relaxation 
rate, although in other studies with sulfur-vulcanized stocks the presence of 
excess sulfur greatly accelerates the scission reaction. It may be further noted 
from Figure 6 that phenylhydrazine, cumene hydroperoxide, and benzoyl perox- 
ide have a particularly deleterious action on the rubber sample. This effect 
has also been observed" for conventionally vulcanized GR-S rubber. It should 
be mentioned that the effects noted in Figure 6 are far beyond the experimental 
errors associated with stress-relaxation measurements. The time required, for 
example, for the benzoyl peroxide, control, and PBNA samples to relax to 
1/eth of their original stress is 0.4, 13, and 99 hours, respectively. 

The effect of a number of accelerators commonly used in conventional 
(sulfur and sulfurless) vulcanization of natural rubber is shown in Figure 7. 
The rather large deleterious effect of di-o-tolylguanidine is difficult to explain, 
although a similar effect has also been noted" for sulfur-vulcanized natural 
rubber. It should be kept in mind that the results observed here arise from 
the effect of the chemical agents when incorporated into rubber in the free 
state, and do not necessarily reflect the behavior of the same chemical agents 
when chemically combined in rubber as would occur in conventional vulcaniza- 
tion. 

A wide variety of other chemical agents might also be studied. However, 
it is the purpose of this article to discuss the aforementioned technique for 
specification of heat deterioration rather than to evaluate the many chemical 
agents. A detailed study of the effect of chemicat agents on the rate of stress 
relaxation of sulfur-vulcanized rubber has been carried out by Stern and 
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Natural rubber has been vulcanized to varying degrees of cross-linkage by 
the use of decamethylenedismethy] azodicarboxylate. The effect of the degree 
of cross-linkage on the extent of heat deterioration is demonstrated. Studies 
are also presented on the beneficial or deleterious action on heat deterioration of 
various chemical agents incorporated in the free state into a natural-rubber 
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EFFECT OF THE CONCENTRATION AND NATURE OF 
THE EMULSIFYING AGENT ON THE STATE 
OF DISPERSION OF LATEXES * 


A. I. YurzHenko anv V. P. Gusyakov 


Strate University or Lvov, USSR 


Yurzhenko and Mintz were the first to show that, in the process of emulsion 
polymerization, the size of the polymeric particles in the latex increases regu- 
larly!. This phenomenon is in complete accord with the theory that, in the 
particular case of 1,3-butadiene, polymerization proceeds to a major extent in 
the micelles of the emulsifying agent. 

A systematic study of the state of dispersion of synthetic latexes in its rela- 
tion to the experimental conditions and the processes taking place during their 
formation would appear to be of great potential value in the study of the mech- 
anism of emulsion polymerization. 

The present authors have studied the degree of dispersion of synthetic 
latexes prepared in the laboratory, with different concentrations and types of 
emulsifying agents. Work in this field has not been reported in the scientific 
literature, although, in studies of emulsion polymerization, data on the state of 
dispersion of latexes under certain conditions have been reported?. 

In the present work, the effects of other factors, such as the nature of the 
monomer, initiator, and electrolytes, on the size of the latex particles and the 
characteristics of these particles also were studied. 

The state of dispersion of synthetic latexes in the colloid range was deter- 
mined by measuring the turbidity: tr = I,/Io, where J, is the intensity of 
scattered light, and J» the intensity of light which passes through the solution. 
The turbidity was measured with a nephelometric attachment to a Pulfrich 
photometer at the wave length 5300 A. The dispersion of various latexes was 
estimated by the slope of a line which expresses the linear relation of the 
turbidity 7 to the concentration c of the polymer at high dilutions (up to 
1:5000, 1:10,000). Comparisons of the turbidities of dilute latexes were made 
at identical concentrations of polymer in the latexes. The radius of the poly- 
meric particles was calculated by Rayleigh’s or Debye’s equation*®. The pos- 
sibility of using the light-scattering method for studying the state of dispersion 
of synthetic latexes had been considered earlier by the authors‘. 

Styrene and isoprene latexes were prepared in sealed glass ampoules (di- 
latometers) under the following conditions: the phase ratio was 1:5; the degree 
of polymerization S for styrene latexes was near 100 per cent and for isoprene 
50 per cent: the polymerization temperature was 45° C for styrene and 65° C 
for isoprene; the initiator was 0.005 M potassium persulfate for the water phase 
and 0.5 per cent phenyldimethylearbinol hydroperoxide for the monomer. 
The emulsifiers used were carefully purified sodium dibutyl benzenesulfonate 
(DBBSK), sodium eicosylbenzenesulfonate (Sulfanol), sodium dibutyl-1- 


* Translated for Rusper Cuemistry AND TecHNoLocy from the Doklady Akademii Nauk SSSR, Vol. 
86, No. 1, pages 129-131 (1952). 
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naphthalenesulfonate (Nekal), and sodium oleate, the micellar weight, con- 
jugate solubility, and other properties of which had been studied in detail’. 


EXPERIMENTAL DATA 


Effect of concentration of emulsifying agent.—Results of measurements of 
the light-scattering of isoprene and styrene latexes are shown in Figure 1 and 
Table 1. From these data it follows that, with decrease of the concentration of 
the emulsifier, the size of the particles in a latex increases, and that this regular- 
ity rule is independent of the nature of the initiator used. 

The increase of the size of the latex particles with decrease of the concentra- 
tion of the emulsifier can be explained by the fact that, with decrease of the 
concentration of the micellar centers of polymerization for a given quantity of 


cat 
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6.8 7:6 9.8 
Concentration of ‘polymer iin 9. perce. 


Fig. 1.—Effect of the concentration on the state of dispersion of polyisoprene latexes, with potassium 
persulfate as initiator. Curve 1. Concentration of emulsifying agent 0.0006 M. Size of polymeric particles 
63 my. 8 30 percent. Curve 2. Concentration of emulsifying agent 0.00125 M. Size of polymeric par- 
ticles 58 mu. S 58.8 percent. Curve 3. Concentration of emulsifying agent 0.005 M. Size of polymeric 
particles 44 my. 8 60.6percent. Curve4. Concentration of emulsifying agent 0.05 M. Size of polymeric 
particles 19 “. 8 61 per cent. Curve 5. Concentration of emulsifying agent 0.1 M. Size of polymeric 
particles —. 61 per cent. 


monomer, the proportion of the latter in the micelles increases. There is a par- 
ticularly sharp increase of size of the polymeric particles when the concentration 
of emulsifier falls below the critical concentration of micelle formation, that is, 
when hardly any micelles are present, and, therefore, when hardly any monomer 
is in colloid solution. The maximum particle size is attained when polymeriza- 
tion is carried out in the absence of an emulsifying agent. In this case, polymer- 
ization proceeds within the droplets and takes place very slowly. 

If one assumes that the essential part of the polymerization process takes 
place in the micelles and that their concentration is proportional to the total 
concentration of emulsifier c, then it is evident that this concentration must be 
related to the radius of the latex particles r: 


Ci:Cc2 = or f= 
where K = 
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Values of the radius of polystyrene latex particles, found experimentally and 
also calculated from the above equation, are recorded in Table 2. The value of 
K was found from the value of r; for a concentration of emulsifier equal to 
0.005 M. 

Sharp divergencies between the calculated values and those obtained ex- 
perimentally for the radius are observed for concentrations of emulsifying agent 
lower than the critical values, ¢.e., when the emulsifier is present in molecular 
form and not in micellar form in the aqueous phase. 


TABLE 2 


CALCULATED AND DETERMINED EXPERIMENTALLY, Rapil OF 
Latex ParticLes (IN My) 


Nekal 
A. 
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No. 
p/p 
1 17 
2 19 
3 
4 44 
5 47 
6 58 
7 61 
2 31 
& 4 39 
4 6 
ug 
Sulfanol as emulsifier 
01 
pened 30 30 
os 0.005 39 30 
0.0025 49 33 
.0006 
Concentra- 
+ tion of Sodium oleate 
per |.) (experimental) (calculated) (experimental) (calculated) 
ee 0.05 28 26 25 19 
0.02 38 37 
a 0.0025 83 72 49 52 
: 0.00125 91 93 68 65 : 
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Effect of the nature of the emulsifying agent.—The influence of the nature of 
the emulsifier is evident by the state of dispersion of the latexes. Here it is 
necessary to distinguish three cases. 

(1) When the concentration of emulsifying agent is greater than the critical 
value.—In this case the state of dispersion of the latex is governed by the state 
of dispersion (micellar weight) of the emulsifying agent. For the emulsifying 
agents studied, the following micellar weights were obtained®: Nekal 33,300, 
DBBSK 91,000, Sulfanol 161,000. The state of dispersion of latexes is indi- 
cated in Figure 2. 


ca 
$ 


- 


Concentration ing. pore. 


Fie. 2.—Effect of the nature of the emulsifying wees on the state of dispersion of polyisoprene latexes, 
with potassi oan peseiants as initiator and with 8 58-62 per cent. Curve 1. Nekal, size of polymeric par- 
ticles 44 mu. urve 2. Sulfanol, size of — particles 35 my. Curve 3. Sulfanol, size of polymeric 

les 28 my. a 4. Nekal, size o polymeric particles 19 my. Curves 1 and 2. Concentration of 
ibis agent 0.005 M. Curves 3 and 4. Concentration of emulsifying agent 0.05 M. 


(2) In the range of critical concentrations.—Latexes of high states of disper- 
sion are formed with emulsifying agents whose critical concentrations are rela- 
tively low (Sulfanol in Figure 2). 

(3) When the concentration of the emulsifying agent is lower than the critical 
value.—This range was studied by the authors. 

In all cases, it is necessary to take into account the concentration of emulsi- 
fier in the gaseous phase of the emulsion after the formation of the adsorption 
layers on the phase boundary. 
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ELECTROPHORETIC MOBILITY STUDY OF 
FRESH HEVEA LATEX * 


W. Bower 
Tue Firestone Puantations Co., Liserta, West AFRICA 


To both the producer of natural rubber latex and the manufacturer of latex 
goods, the stability of Hevea latex is one of its most important properties. Two 
aspects of this important property are the mechanical stability and the chemical 
stability. The former is measured by the sensitivity of latex to mechanical 
agitation, the latter by the sensitivity to addition of ionic material. Although 
there is no clear relation known to exist between these two stabilities, the elec- 
trical charge on the rubber particles is considered to be important in either case. 
Since electrophoretic mobility determinations furnish one of the most direct 
methods for studying the charge on colloidal particles such as those in rubber 
latex, the effect of seasonal and clonal variations, latex aging, ionic strength, 
pH, and the presence of added materials on the electrical mobility of fresh 
Hevea latex was studied. At the same time the mechanical stability of many 
latexes was measured in order to determine what correlation exists between 
mobility and mechanical stability. 


EXPERIMENTAL WORK 


The micromethod described by Abramson, Moyer, and Gorin! was used to 
study the mobility of latex. 

A flat, horizontal, glass microelectrophoresis cell of the Briggs type? was 
used, with a mercuric nitrate solution in the lower part of the electrode com- 
partment and half-saturated potassium nitrate in the upper. The cell width 
was 23.6 mm. and depth 0.785 mm., giving a width-to-depth ratio of 30. The 
glass cell was mounted on a metal frame which rested on the microscope stage. 
A 20X Spencer objective and a 20 Bausch and Lomb ocular provided a 
magnification of 400. The fine adjustment scale of the microscope was cali- 
brated by means of a slide of known thickness. An eyepiece micrometer, cali- 
brated with a stage micrometer, was used to measure the velocity of the moving 
particles. For measuring the conductivity of the dispersions, a conductivity 
bridge® was used, along with a dip-type cell having a cell constant of 0.916. 

A series of velocity measurements was made on one dispersion at various 
depths in the glass cell. The best parabola was drawn through the points of 
the velocity-depth plot, and the resulting curve was integrated graphically. 
The true electrophoretic velocity was thus found to occur at the 0.20 and 0.80 
fractional depth levels. The theory of Komagata‘ predicts values of 0.205 and 
0.795 for a cell whose width-to-depth ratio is 30. All velocity measurements 
were, therefore, made by averaging the values measured at the 0.20 and 0.80 
levels. pH was measured with a glass electrode assembly®. Room temperature 
varied between 28.5° and 32.5° C during the course of all experiments, and the 


* Reprinted from Industrial and Engineering Chemistry, Vol. 45, No. 8, pages sweetie. ‘oe ust 1953. 
The present address of the author is The Firestone Tire and Rubber Company, Akron, Ohi n 
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temperature of each dispersion was maintained at 30.0° + 1.0° C while meas- 
urements were being made. 

All mobility measurements except those after various aging periods were 
made by allowing approximately 3 cc. of latex to flow directly from the tapping 
cut of the tree being studied into 500 cc. of boiled distilled water 5 minutes after 
the flow of latex had started. The dilute suspension thus obtained was then 
taken immediately to the laboratory, where dispersions in buffer solutions of 
the desired concentrations and pH values were made. The mobility measure- 
ments were then made immediately on these dispersions, and the conductivity 
and pH measurements were all completed on the same day the latex was ob- 
tained. An acetate buffer was used in the pH range 3 to 6, although it was 
difficult to obtain satisfactory results at pH values above 5.5 with this buffer. 
At pH values above 6.0, a disodium hydrogen phosphate buffer was used, with 
the appropriate quantity of hydrochloric acid or sodium hydroxide added to 
reach the desired pH. The ionic strength of all buffer solutions was 0.02, 
except in one series of experiments in which the effect of ionic strength on 
mobility was studied. All mechanical stability determinations were made at a 
total solids concentration of 51.5 per cent. 


RESULTS AND DISCUSSION 


Dry Rubber Content.—The first variable investigated was the dry rubber 
content of the dispersions. The dry rubber content of the original dilute dis- 
persion obtained by allowing the latex to fall into distilled water was deter- 
mined, and that of the final dispersion in buffer solution was calculated from 
this determination. At dry rubber contents of over 1.0 gram per liter, it was 
difficult to pick out and follow one individual particle in the microscope field. 
At higher dilutions, on the other hand, there is danger that material will be de- 
sorbed from the surface of the particle, changing the surface characteristics. 
In Figure 1 the mobility is plotted as a function of dry rubber content for two 
different trees, one a seedling tree and the other a War. 4 clonal tree. The 
mobility is seen to decrease rapidly below concentrations of 0.5 gram per liter 
of rubber, and all subsequent measurements were made at dry rubber concen- 
trations between 0.5 and 1.0 gram per liter. 

Clonal Variation.—The variation of mobility with pH was determined for a 
series of clonal trees and for one seedling tree. In all cases the curves were 
typical of those for proteins, the only important difference from tree to tree 
being a slight displacement in the curve along the pH axis. Such a displace- 
ment results in a different isoelectric point, determined by the intersection of 
the best curve through the experimental points with the zero mobility line. 
The isoelectric points for several clones are shown in Table I, and a typical plot 
of mobility against pH is shown in Figure 2. 

Carried out under tropical conditions, the microelectrophoresis method 
should be sufficiently accurate to determine the isoelectric point within 0.1 pH 
unit. The data of Table I show that there is considerable variation of the iso- 
electric point from clone to clone, a small but definite variation from tree to tree 
within one clone, and probably a very small daily variation for one tree. All 
the isolectric point values are grouped around 4.3 except those for the first War. 
4 tree, which are higher, and those for the Av. 152 trees and the seedling tree, 
which are lower. Moyer‘ has found that closely related species of Euphorbia 
are marked by similar latex electrophoretic properties. The results presented 
in Table I show that among these even more closely related varieties of Hevea 
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@- WAR. 4 


MOBILITY = w/sec/vscm. 


© O02 04 O06 O08 10 12 
DRY RUBBER CONTENT -c/t 
Fia. 1.—Effect of dry rubber content on mobility. 


Buffer ionic strength 0.02 
PH 5.4 to 5.5 


brasiliensis there are small but measurable differences in the nature of the latex 
particle surface. These differences are reflected in mechanical stability deter- 
minations only after a definite aging period of the latex in the presence of a pre- 
servative such as ammonia’. 

Seasonal Variation.—In Figure 3 there is shown the variation of mobility 
with pH for a P.B. 186 tree. The circles represent the experimental points 
determined on February 12, 1950, when the tree was completely defoliated, and 
the squares those determined on April 13, 1950, when the new leaves were nearly 


Tasie I 
IsoeLEcTRIC Point oF LATEXES FROM INDIVIDUAL TREES 
(Alternate daily tapping, September-December 1950) 


4.24, 4.20, 4.08 


* Duplicate or triplicate results on one tree represent separate determinations made on latex from that 
tree collected on different days. bn 
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Ke) 
0. 
06 
02 
ag Clone Isoelectric point* 
4 War. 4 50, 4.62 
a War. 4 36, 4.36 
P.B. 186 39, 4.31 
P.B. 186 123, 4.25 
Av. 50 30 
4 10 30 
“4 Av. 152 17 
Av. 152 
Seedling 
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Fig. 2.—Effect of pH on mobility. 
Buffer ionic strength 0.02 
Av. 152 latex 


completely grown. Any slight differences is within experimental error. If 
physiological changes taking place in the tree during wintering affect the nature 
of the rubber particle surface, such changes are not revealed in these mobility 
experiments. 

Ionic Strength.—The effect of buffer ionic strength on the mobility of a P.B. 
186 latex is shown in Figure 4, where mobility is plotted against ionic strength 
on the lower scale and the logarithm of the ionic strength on the upper scale. 
These determinations were made with disodium hydrogen phosphate buffers, 
whose pH values varied from 9.0 to 9.4. The latex dispersions were prepared 
from 62 per cent total solids centrifuge concentrate which had aged 90 days in 
the presence of 0.7 per cent ammonia. With the most dilute buffer, the mobil- 
ity is very high, nearly 7.0 microns/second/volt/em. The addition of ionic 
material decreases the mobility very sharply at first, then less rapidly at higher 
ionic strengths, following a logarithmic relationship very closely. 


+2.0 


MOBILITY - y/SEC/v/cM. 


O- FEB. 12 
D- APRIL 13 
3.0 L L L L 
30 35 40 .45 528 5858 60 
pH 
Fig. 3.—Effect of wintering season on mobility-pH relation of latex. 
Buffer ionic strength 0.02 
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Aging of Latex.—There is a marked variation in mechanical stability among 
clonal latexes which are aged at room temperature in the presence of ammonia. 
In order to determine whether there is a corresponding variation in mobility, 
samples of a low stability clone, War. 4, and of a high stability clone, P.B. 186, 


LOG IONIC STRENGTH 
-25 -20 4.5 +40 -0.5 0.0 


MOBILITY - w/SEC./ 


iL L i 


O11 02 03 04 05 06 
IONIC STRENGTH 


Fie. 4.—Effect of buffer ionic strength on mobility. 
PH 9.0 to 9.4 


were obtained and mobilities were measured immediately on the concentrates 


produced from these samples on a laboratory centrifuge. Mobilities were also 
determined upon these concentrates after aging periods of 30 and 90 days at 
62 per cent total solids and 0.7 per cent ammonia (based on total latex). The 
latex sample from each clone was obtained from the bulking of the regular tap- 
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Fie. 5.—Effect of latex aging on mobility-pH relation. 
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Fig. 6.—Effect of latex aging on mobility-pH relation. 
Buffer ionic strength 0.02 
P.B. 186 latex 


ping of approximately 50 15-year-old trees tapped on a half-spiral, alternate 
daily basis. The feed latexes were diluted to 26 per cent total solids before 
centrifuging. In Figures 5 and 6 the mobilities of these concentrates are plotted 
as a function of pH, along with the values obtained on the fresh normal latex of 
a typical free trom each clone. The mechanical stability and potassium hy- 
droxide number of the aged concentrates are presented in Table II. 

Several points of interest are brought out by these data. First, despite the 
very much greater mechanical stability of the P.B. 186 concentrate, there is no 
significant difference in mobility between the two clones when the concentrates 


II 

PROPERTIES OF War. 4 AND P.B. 186 CoNCENTRATES 

Mech. stability 
(sec.) 


KOH no. 
Total ig | % 
Clone solids 30-day 90-day 30-day 90-day Ni 


P.B. 186 62.1 1300 2800 0.45 0.53 0.70 
War. 4 61.5 450 810 0.59 0.66 0.70 


are compared at corresponding aging periods and pH values. However, the 
mobility of the P.B. 186 fresh normal latex is definitely higher than the War. 4 
sample throughout the high pH range by about 0.3 pH unit. Clonal differ- 
ences in mechanical stability, on the other hand, do not become apparent until 
after a certain amount of aging has occurred. For both clonal concentrates in 
the high pH region the mobility increases with the age of the latex, just as the 
mechanical stability does. This increase in mobility is probably the result of 
hydrolysis of esters of high molecular weight fat acids and of other fat materials, 
with the consequent formation of ammonium soaps. These charged soap anions 
will be adsorbed on the uncovered portion of the rubber particle surface, dis- 
place proteins already present on the surface, or react with the proteins to form 
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a soap-protein complex. This increase in mobility with aging becomes less 
marked at lower pH values, where the soaps are less readily adsorbed. 

As the increase of mobility with aging is relatively much smaller than the 
corresponcing increase in mechanical stability, and there is no clonal difference 
in mobility between these concentrates, it is evident that there is no useful 
correlation between mobility measurements of this type and mechanical sta- 
bility. 

In the lower pH region, while both unconcentrated latexes displayed normal 
isoelectric points, the concentrates of both clones had somewhat lower isoelec- 
tric points, about 4.15, which did not vary with aging. The mobility-pH 
relations of the 90-day concentrates show that at this aging period the rubber 
particle covering is still primarily protein in nature, and adsorption of soap is 
relatively minor in amount. 


+2.0 


° 
° 


PHOSPHATE 
BUFFER 
M.S. 
©-0.7% AMMONIA 480 
4 - 0.15% AMMONIA, 
0.3% SANT. 2430 


ACETATE 
BUFFER 


‘ 


= 
Vv 
> 
w 
” 
=z 
> 
= 
a 
° 
= 


a 


° 

> 
° 
° 


8.0 
pH 
. 7.—Effect of Santobrite on mobility-pH relation. 


Buffer ionic strength 0.02 
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Santobrite Later.—Concentrated latexes preserved with 0.3 per cent Santo- 
brite (sodium pentachlorophenate) and 0.15 per cent ammonia possess me- 
chanical stabilities considerably higher than those preserved with 0.7 per cent 
ammonia alone (all concentrations based on total latex). An experiment was 
made to determine whether an increase of stability resulting from Santobrite 
preservation could be correlated with a higher electrophoretic mobility. The 
increase in stability from the presence of Santobrite varies widely among the 
different clones ; consequently Av. 152, which exhibits the greatest increase, was 
chosen for this experiment. 

The feed was obtained from approximately fifty 15-year-old trees tapped on 
the usual half-spiral, alternate daily system. A sample of concentrate pre- 
pared on a laboratory centrifuge from this feed was divided into two portions. 
One portion was ammoniated with 25 per cent ammonium hydroxide to 0.7 per 
cent ammonia; to the other portion 0.3 per cent Santobrite was added, along 
with sufficient 25 per cent ammonium hydroxide and water, so that the am- 
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monia concentration would be 0.15 per cent and the total solids of the two 
portions would be equal. These two samples were then stored for 30 days, 
after which the mobilities and mechanical stabilities were compared. 

The results are shown in Figure 7. Despite the fact that the Santobrite- 
preserved sample had a mechanical stability of 2430 seconds against 480 sec- 
onds for the ammonia-preserved sample, the two latexes had an identical mobil- 
ity-pH relationship well within experimental error. 

This provides another instance of the lack of any good correlation between 
mechanical stability and electrophoretic mobility. If the mobility is considered 
to be a function of the electrical charge on the rubber particles and of the ionic 
atmosphere in which the particles exist, then the reason for this lack of correla- 
tion may be sought in other properties such as viscosity or particle size. How- 
ever, the mobility as measured in this study is a function of the ionic strength 
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Fia. 8.—Effect of washing on mobility-pH relation. 
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of the buffer solution in which the rubber particles are suspended, but not to 
such a great extent of the ionic atmosphere of the latex serum. The variation 
of mechanical stability among the clones may result primarily from a variation 
in the development of serum ionic strength from clone to clone. Likewise, the 
presence of Santobrite in the serum may inhibit the formation of ionic material 
in latexes preserved with this substance. Because of the uncertainty of deter- 
mining the ionic strength of a latex serum, mobility measurements in the pres- 
ence of serum were not made, but they might very well reveal significant differ- 
ences which similar measurements in the presence of buffer solution of known 
ionic strength do not. 

Washing of Latex Particle.—In order to determine to what extent the sur- 
face characteristics of the latex particle could be altered by washing, two sam- 
ples of latex, obtained on different days, from 1000-gallon bulkings of pre- 
dominantly Av. 50 latex, were centrifuged eight times with redilution of each 
cream before the following concentration step. In the first sample, these dilu- 
tions were made with 3 per cent ammonium hydroxide solution, and in the 
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second case with a soap solution which was 2 per cent in oleic acid and 3 percent 
in ammonia in excess of that required to neutralize the oleic acid. The mobil- 
ity-pH relation was determined both before washing and on the eighth cream, 
in all cases at a buffer ionic strength of 0.02. The results are shown in Figure 8. 

Both samples before washing had an isoelectric point of 4.35. The latex 
washed with ammonium hydroxide solution had a much lower value of 3.86, 
while the sample washed with soap was negatively charged at all pH values 
down to 3.5, the lower end of the pH range studied. The decrease in the pH 
value of the isoelectric point for the ammonia-washed sample shows that even 
such drastic washing as this is not sufficient to remove all the stabilizing ma- 
terial originally present on the particle surface. 

The isoelectric point of this ammonia-washed sample corresponds very 
closely to that of the ‘Protein B” which Bondy and Freundlich? isolated from 
the serum of ammonia-preserved Hevea latex. If the surface of the washed 
particle is covered predominantly with this protein, then at high pH values it is 
the most strongly adsorbed of the materials present in the surface layer of the 
unwashed particle. The mobility data of this study can be explained by as- 
suming that the Hevea latex particle is covered by amounts, which vary from 
clone to clone, of this Protein B and the Protein A of Bondy and Freundlich, 
which has an isoelectric point of 4.55. Thus the particle surface in the War. 4 
latexes would be covered mostly with Protein A, in the Av. 152 latexes with 
Protein B. The low isoelectric point shown by the War. 4 concentrate of Fig- 
ure 5 may result from the desorption of Protein A during concentration in the 
presence of ammonia. The presence of sterols or other material of very low iso- 
electric point is apparently not important enough to affect the electrophoretic 
characteristics of Hevea latex. In the soap-washed sample, it is evident that a 
large amount of soap is present on the particle surface. However, the tightly 
adsorbed material responsible for the low isoelectric point of the ammonia- 
washed sample may still be present, but now covering only a minor fraction of 
the surface. 

The representation of the Hevea latex particle surface outlined here is prob- 
ably an oversimplification of the case, but it does satisfy all the mobility data 
obtained in this work. The most fruitful source of information on this supject 
in the future will probably be chemical investigations of the proteins associated 
with both the rubber particle and with the serum. Serum components could 
affect the mechanical stability of latex by altering the electrical double layer 
distance, without exerting any profound influence on the charge of the particle. 
It is felt that a knowledge of the serum components and the changes they 
undergo during aging of latex concentrate is of the greatest importance in con- 
trolling such a variable substance as Hevea latex in its many technological 
applications. 
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THE FLOCCULATION OF DILUTE LATEX 
BY ZINC SULFATE * 


PIERRE THIRION 


Rosser Researcu Institute oF Inpocutna, Laixuf, Inpocuina 


INTRODUCTION 


The quality of ammonia-preserved latex is currently evaluated in the rubber 
industry by tests which serve to indicate, first, its mechanical stability to the 
inevitable shocks and friction to which it is subjected during transfer from one 
container to another and during mixing and, in addition, its chemical stability 
toward destabilizing agents, such as zinc oxide and salts of polyvalent metals in 
general. 

In the case of field latex which has just been collected on a plantation, any 
information concerning its stability is always of great importance, yet up to the 
present time such information has remained essentially qualitative because of a 
lack of any precise methods of measurement. Furthermore, the stability of a 
latex is manifest in quite different ways in the different stages of its processing 
and in the methods employed for destabilization. Of particular significance 
are (1) the rapidity with which field latex coagulates spontaneously in the air 
as a result of the action of enzymes and bacteria present in the latex; (2) its 
more or less pronounced tendency to coagulate slowly throughout the entire 
mass or in successive fractions as a result of the action of coagulating agents 
such as acids and salts, and (3) its degree of sensitivity to heat and to mechani- 
cal agitation. This last factor in the destabilization of latex is of great impor- 
tance in the concentration of latex by centrifugation. 

These different aspects of stability are apparently independent of one an- 
other, and it should be mentioned at this point, to avoid further confusion, that 
the conclusions concerning chemical stability, which are the special concern 
of the present work, bear no relation whatsoever to mechanical stability or to 
spontaneous coagulation. 

It was in connection with attempts, during the year 1951, to prepare special 
types of crude rubber that the Rubber Research Institute of Indochina became 
fully aware of the practical importance of a test of chemical stability which 
would be applicable to field latex at any time when it might be necessary to 
make some sort of change in the process being used for the preparation of crude 
rubber which might render difficult the proper control of coagulation. 

In the course of experiments concerned with the development of such a test, 
it was found that, contrary to earlier observations made on relatively concen- 
trated latexes', there is a remarkable discontinuity in the colloidal equilibrium 
when increasing proportions of a salt of a polyvalent metal, such as zinc, are 
added to sufficiently dilute latex within a certain favorable range of tempera- 
tures. The phenomenon is manifest both with fresh latex and with latex pre- 
served with ammonia, but in somewhat different ways in the two cases, and not 
in the same range of dilution, nor in the same temperature range. 


* Translated for RupBeRr Geert & Trecunovoey from the Revue Générale du Caoutchouc, Vol. 29, 
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With the hope that the critical amount of zinc salt added to latex at the 
point where this discontinuity appears would be an index of chemical stability, 
a study was undertaken of its change as a function of the temperature, of the 
dilution, and of the pH value for some field latexes of known plant origin and 
for two samples of latex preserved with ammonia. Under these conditions it 
was possible to establish arbitrarily definite testing conditions and, in each case, 
to compare the indexes obtained. 

The reproducibility and discriminatory power of the method appeared to be 
satisfactory, but the number of samples examined up to the present time is in- 
sufficient to judge to what extent the method can be of definite aid to the latex 
technologist and can be used as a criterion of the chemical stability of latex. A 
more or less analogous method has, as a matter of fact, been recently used with 
success as a means of comparison of the stability of polyvinyl! chloride latexes*. 

Any theoretical explanation of the phenomena observed during flocculation 
would necessitate a large number of additional experiments, which could not be 
carried out in the course of this relatively short preliminary study. 


CHOICE OF DESTABILIZING AGENT FOR DILUTED LATEX 


Before describing the characteristic reactions of latex to which zinc sulfate 
has been added, it is well to point out why this particular salt was chosen in pref- 
erence to other salts of polyvalent metals which are known to have marked de- 
stabilizing effects on latex, such, for example, as calcium salts and aluminum 
salts’. The reason for the choice of zinc sulfate is that zinc plays an essential 
role in the technology of latex, since one of the principal methods of heat sensiti- 
zation is based on the transformation, in the serum, of zinc oxide into soluble 
zinc salts‘. It was to be hoped, therefore, that, by confining oneself to this same 
cation, it would be possible to establish a better correlation between the new 
stability index and certain other stability tests already applied to preserved 
latex which are based on measurement of the time of coagulation when hot after 
addition of a known quantity of zinc oxide’ or of ammoniacal zinc acetate®. 

Because of lack of time, however, it has not been possible to study in detail 
the influence of the nature of the cation on the characteristics of the flocculation 
of diluted latex, but it is probable that metals other than zinc could be employed 
in the determination of the stability index. 

The nature of the anion is much less important than that of the cation, at 
least provided that the salt is sufficiently soluble, since no appreciable differ- 
ences in effects are observed when zinc sulfate is replaced by zinc acetate. 
However, solutions of the latter have the disadvantage of causing a deposit 
which dirties the burettes and this salt is, therefore, less satisfactory. Attempts 
were made without success to use formic acid and acetic acid, but in each case 
coagulation is a progressive phenomenon, whatever the experimental conditions, 
with no point of discontinuity in the colloidal state for a critical quantity of 
acid. 


CHANGE OF APPEARANCE OF DILUTED LATEX RESULTING 
FROM THE ADDITION OF ZINC SULFATE 


The technique employed in the experiments to be described involved the 
addition to latex, which had been diluted to increasing degrees with water, of 
increasing proportions of a solution of zinc sulfate. This solution was run from 
a precision burette into a beaker containing the latex maintained at a constant 
temperature. The zinc sulfate solution must be of a sufficiently high concen- 
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tration so that the latex is diluted to only a negligible degree during the test. 
Dispersion of the zine sulfate uniformly throughout the latex is attained by 
agitation. 

In addition to changing the dilution and the temperature of the latex, the 
initial pH value of the latter can be changed, before addition of the zinc sulfate, 
by adding the proper amount of sodium hydroxide or formic acid. The be- 
havior of a latex, which can be watched with the aid of an electric lamp placed 
close to the beaker, depends, therefore, on the nature of the latex, on its dilution, 
on the temperature, and, to a lesser degree, on the initial pH value, provided 
that the latter is higher than a certain value which varies from 5.5 to 6, depend- 
ing on the conditions. 

Below this initial pH value, latex may coagulate without any zinc sulfate 
having been added. 


FLOCCULATION OF COMMERCIAL CENTRIFUGED LATEXES 
PRESERVED WITH AMMONIA 


When commercial centrifuged latex preserved with ammonia and of concen- 
tration normally close to 60 per cent is diluted to increasing degrees, flocculation 
caused by zinc sulfate can show two quite distinct effects. 


(1) At concentrations higher than 2 per cent.—Either simple thickening or 
successive local points of coagulation, with no distinct discontinuity during the 
course of destabilization, which is progressive throughout the process. 

(2) At concentrations lower than 2 per cent.—When the temperature is 
higher than 60° C, floccules appear, the formation of which progresses in pro- 
portion to the addition of zinc sulfate. In the temperature range from room 
temperature to 60° C, the latex becomes more turbid and starts to thicken as 
soon as the first drops of destabilizing solution are added; then, on continued 
addition of the latter, a stiff waxy transparent layer forms on the surface of the 
latex and the viscosity of the latter decreases. At this stage, the latex, although 
altered by the addition of the zinc sulfate, appears to be in a stable colloidal 
state, since it shows no further change when let stand by itself. On the con- 
trary, above a certain critical quantity of zinc sulfate, this stability is abruptly 
destroyed, and there is observed, just below the transparent waxy layer, white 
spots, which rapidly descend into the liquid and cause the latter to lose its milky 
appearance. These spots then increase in size very rapidly and form floccules, 
which remain largely disseminated throughout the serum. 


FLOCCULATION OF FIELD LATEX 


The reactions of field latex when zinc sulfate is added differ from those of 
latex preserved with ammonia, both in their character and by the rapidity of 
the changes which take place at any given temperature. 


(1) At concentrations higher than approximately 5 per cent.—Flocculation 
brought about by increasing amounts of zinc sulfate is progressive, irrespective 
of the initial pH value or of the temperature. 

(2) At concentrations below approximately 5 per cent.—Only in a relatively 
high and limited range of temperature, viz., 75-85° C, is there evident, in the 
course of flocculation, any discontinuity which is well defined enough to be used 
as a measure of the chemical stability. At temperatures above 85° C, succes- 
sive local points of coagulation are observed, as in the case of preserved latex. 
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At temperatures below 75° C, changes in diluted field latex are slow, even when 
the amount of zinc sulfate added is relatively great. 

In the intermediate range of temperatures, the temperature can be varied 
from 75° to 85° C without altering appreciably the progress of flocculation. 
However, the changes are not strictly the same, but depend on whether the 
initial pH value of the latex is higher or lower than a certain value, which varies 
from 6.1 to 6.5, depending on the origin of the latex. In the higher range of pH 
values, it has been found that latex thickens gradually from the first moment 
that the zinc sulfate solution is added, while the stirrer causes a creamy foam to 
form. This cream is then transformed into a light white coagulum, while the 
remainder of the latex reverts to a more fluid state. During this period, the 
latex does not change any further unless more zinc sulfate is added. 

On the contrary, a spontaneous and rather rapid change takes place as soon 
as a certain critical amount of zinc sulfate has been exceeded. This is manifest 
by the sudden appearance, on the surface of the latex, of shining spots which 
give the surface a characteristic granitelike aspect. Without any further addi- 
tion of zinc sulfate being necessary, there is then observed a progressive forma- 
tion of floccules, which swim in the serum; the latter becomes progressively 
clearer, so that by running the stirrer gently to units the floccules, a single 
coagulum is formed, usually in less than two minutes. 

When the initial pH value of the latex is lower than 6.1—6.5, a further com- 
plication arises, as a result of precoagulation of a yellow fraction, which has 
already been encountered in the centrifugation of normal field latex’. From the 
beginning of the addition of zinc sulfate, this yellow fraction separates in the 
form of coagula of considerable size, depending on the plant origin of the latex 
and on the rate of addition of the zinc sulfate. The remainder of the latex re- 
mains white and fluid to the point of formation of the granitelike surface de- 
scribed above, which indicates spontaneous flocculation and which progresses 
in the same way as it does when the initial pH is alkaline. 

Some field latexes which are particularly unstable, such as the latex of clone 
GL.1, form an exception to the mechanism of flocculation described above, in 
that they coagulate when simply heated, without the addition of zinc sulfate, 
and irrespective of the initial pH value. 


MEASUREMENT OF THE SALT INDEX 


An attempt was then made to study quantitatively the phenomenon of floc- 
culation by systematic measurements of the salt index, that is, the weight of 
zinc sulfate just necessary to bring about a break in the colloidal equilibrium of 
100 grams of diluted latex, the various aspects of which have just been described. 

The amount of zinc sulfate which must be added has been found to be prac- 
tically proportional to the weight of the latex sample, provided that this is not 
much greater than 100 grams, so the tests were carried out with samples of this 
size, which gave maximum precision of measurement. 

The zinc sulfate employed was a pure grade, crystallized with 7 H.O mole- 
cules. The destabilizing solution was prepared from this salt as a 3 per cent 
solution, which was placed in a 5-cc. precision burette. The temperature of 
testing was 40° C for all samples of ammonia-preserved latex and 80° C for all 
samples of field latex. 

By repeating several times the flocculation test of the same diluted latex and 
under rigorously controlled and identical conditions, it was established that 
the amounts of zinc sulfate to reach the critical point of flocculation did not, in 
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general, deviate more than 3 per cent, provided that the tests were carried out 
within the favorable range of concentration. This quite satisfactory precision 
is explainable by the sensitivity of the latex in the neighborhood of the critical 
point, where the addition of one or two drops of solution changes radically the 
appearance of the latex. 


INFLUENCE OF VARIOUS FACTORS ON THE SALT INDEXES OF FIELD 
LATEXES AND AMMONIA-PRESERVED LATEXES 


AGE OF THE LATEX 


One of the important factors which had to be taken into account in studying 
the susceptibility of the salt index to different influences was, naturally, the age 
of the latex. It might, in fact, be expected that, at least in the case of field 
latex, the changes which lead finally to spontaneous coagulation would manifest 
themselves by a change of the salt index with time. But it was found that this 
is in no way true, and that it is possible to test a given sample of undiluted field 
latex at any convenient time during a period of several hours without fear of any 
change of its behavior on the addition of zine sulfate. However, in the case of 
ammonia-preserved latex, care must be taken to avoid evaporation of this 
alkaline agent. In general, any effect of the age of a latex is attributable only 
to slow changes which the latex undergoes during storage. 

On the other hand, the time of aging becomes of importance when a latex 
has been diluted to a concentration below 20 per cent. In this case, with con- 
ditions otherwise the same, the salt index remains, in fact, constant for only 
about one hour after dilution of the latex, and then decreases progressively. 
For this reason, samples of latex should not be diluted to a low concentration 
for the purpose of measuring the salt index until just before the time of testing. 


CONCENTRATION OF THE LATEX 


Despite the buffer effect of a latex, dilution changes to only a very small 
extent the pH value of the latex. Since, moreover, the salt index is very sensi- 
tive to the initial pH value, it is obvious that the influence of the concentration 
can be correctly studied only if the pH value is the same throughout a given 
series of tests. This condition is attained by addition to the diluted latex, just 
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Fia. 1.—Influence of the dilution of a field latex on its salt index at constant pH 
value. Initial concentration 33.5 per cent. 
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before the measurement is made, of the necessary amount of alkali (sodium 
hydroxide or ammonia) or of acid (formic acid or acetic acid). The salt index, 
found experimentally, as a function of the concentration of dry rubber is shown 
in Figure 1 for a field latex from clone W,, while Figure 2 shows the same rela- 
tion for a latex centrifuged after seven days and preserved with ammonia in 
the usual way. 

The cur'ves of each of these two latexes are not strictly comparable because 
they do not represent as a whole the same ranges of concentration of dry rubber. 
They do show, however, that the salt index is, in general, an increasing function 
of the concentration, except for ammoniated latexes whose initial pH values are 
less than 8or9. In the region of very high dilutions, the curves are represented 
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Fig. 2.—Influence of the dilution of an ammoniated latex (centrifuged seven days 
earlier) on its salt index at constant pF. value. 


in broken form as if they passed through minimum points. Asa matter of fact, 
below 1 per cent concentration for field latex and 0.1 per cent concentration for 
ammoniated latex, the salt index depends to an increasing degree on the rapid- 
ity of measuring ; in fact, to such a degree that its measurement finally loses any 


significance. 


INITIAL ALKALINITY OR ACIDITY OF LATEX 


The addition of a solution of zinc sulfate to latex always brings about a cer- 
tain decrease of the pH value, as exemplified by the two cases shown in Figure 
3, which represent a field latex and an ammoniated latex. As a means of char- 
acterizing the influence of the acidity or alkalinity of a latex on its salt index, 
an arbitrary choice might be made, either of the initial pH value just before 
addition of the zinc sulfate, or of the final pH value at the point of flocculation. 
The results obtained by this latter procedure were found to be somewhat erratic, 
so recourse was had simply to measurement of the initial pH value of the latex 
at room temperature. 

Maintaining the same concentration of dry rubber in a given series of ex- 
periments, curves showing the salt index as a function of the initial pH value 
are obtained, of the type exemplified in Figure 4 for field latex and of the type 
exemplified in Figure 5 for ammonia-preserved latex. 

The curves of field latex in all cases descend as the acidity of the latex in- 
creases, and when the initial pH value is higher than 6—6.5, the change of the 
salt index begins to decrease more rapidly. 

The curves of ammonia-preserved latex begin by decreasing from a point of 
very high alkalinity to the point of neutrality, then pass through minima, and 
finally pass through maxima in the acid range. 
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Fia. 3.—Examples of the of tie amount of sine 
sulfate added to to 100 grams of latex 
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Fie. 5.—Influence of the initial pH value of preserved latex, seven days after centrifuging 
and at constant concentration, on the salt index of the latex. 
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TABLE 1 
ImPporTANT CHARACTERISTICS OF PRESERVED LaTExes A AND B 
Ammoniated latex 


Age in days 

Concentration 

Chemical stability (sec.)* 
Mechanical stability (sec.)* 
KOH index (%) 


ammonia (%) 
* According to the French Rubber Institute Method. 


Because only two preserved latexes were tested, there is, of course, no cer- 
tainty that this final maximum is a general characteristic of latex preserved 
with ammonia. 
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Fie. 6.—Curves of the salt indexes of two preserved latexes of different ages. Latex A 7 
days after centrifuging; latex B 105 days after centrifuging. 


The anomaly which latex A, aged seven days, shows to only a slight extent, 
is very pronounced for another preserved latex (B), which had been centrifuged 
and ammoniated three months before the tests, and was much more stable than 
latex A (see Figure 6). 

AGRONOMIC FACTORS 


Figure 7 assembles a set of curves showing the salt index as a function of the 
initial pH value for seven samples of field latex collected in March 1952 and in 
each case diluted to 5 per cent dry-rubber content. 

These tests do not, therefore, represent latexes of very different origins and 
give no opportunity to follow any changes which might occur over long periods. 
Therefore the provisional conclusions which follow are to be regarded as indica- 
tive of the importance of studying the salt index in relation to agronomic 
factors. 

(1) The salt index does not seem to change appreciably from day to day in 
the case of latexes gathered from the same trees during the dry season. Thus, 
the curves of the three latexes Ai, Ao, and A; of clone W,, which were collected 
on the respective dates of March 13, 17, and 24, 1952 from the same trees of 
field V, form a confused system, as can be seen in Figure 7. 

(2) The salt index decreases considerably when there has been rain before 
collection of the latex; e.g., Table 2 shows that, for the second sample cited, the 
salt index was 20 per cent lower following a rain the night before. 
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Fic. 7.—Curves of the salt indexes of various field latexes. 


With each of the fourteen latexes listed in Table 2, the concentration was 
reduced to 5 per cent and the initial pH value to approximately 6.7 by diluting 
the latexes with 0.004 per cent aqueous formic acid. 

(3) Asis evident in Table 2 and Figure 7sa, the It indexes of latexes of differ- 
ent plant origins cover a wide range of values. The discriminatory power of the 
method is, therefore, quite satisfactory. 

(4) The period of exploitation of the trees, though known to be a factor 
which favors the stability of latex, has in addition a considerable effect on the 
salt index. The indexes of latexes B,; and Bz from trees, tapping of which was 
started in 1942 (field V) are, in fact, much higher than those of latex B: ob- 
tained from trees of the same clone Tj.1, but from younger trees which were 
not tapped until 1950 (see Figure 7). 

The identity of the clone is perhaps evident in the parallelism of the curves 
representing the salt index as a function of the pH value of latexes B; and Bz on 
the one hand and of latex B; on the other. 


TABLE 2 


EXAMPLES SHOWING THE SALT INDEXES OF DIFFERENT FieLpD LATEXES 
(Concentration 5 per cent, initial pH value 6.7, temperature 80° C) 
Concentra- Salt index 
Date in 1952 tion of (1074 g.-% 
collected Weather rubber (%) zine) 


(Reid V) 
field 3-5) 
255 


} April 4 
Field V-A April 10 


ONO 
WATS 


— 


i 
489 
| 
4 
CONCENTRATION DU LATEX 5% 
4 
2 
10 
ATEX 
W.4 Mar. 13-24 33.5-39.3 Sue 
W.4 Mar. 31 
Tj.l Mar. 25 and 27 dry 46.3-48.5 es 
ig Mar. 25 dry 41 
Avr Mar. 28 dry 32.6 oe 
Avros 188 April 4 dry 33.8 oe 
Avros 188 April 5 dry 35 — 
Avros 163 ill. April 7 dry 41.2 aes 
Avros 163 ill. April 8 dry 37.5 Beir 
(field V-B) April 8 dry 44.5 
Field V-B ll dry 46.7 
GL.1 March 24 dry 49.3 a 
dry 43.8 
dry 47.8 | 
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CENTRIFUGATION 


In the case of two ammonia-preserved latexes examined previously, the 
effects of centrifugation and of storage when preserved with ammonia are evi- 
dent at the same time. Attempts were made to show the part played by cen- 
trifugation alone, without any stabilizing agent present in the latex. To this 
end, two samples of latex from fields D and E, collected from clones Avros 186 
and W,, were centrifuged for ten minutes in a Huguenard ultracentrifuge at 
about 70,000 revolutions per minute. 

In the same way as was observed when ammonia-preserved latex® was cen- 
trifuged with this same apparatus, it is possible to separate from the serum of 
field latex a ring of concentrated cream containing fewer small rubber particles, 
and particularly a smaller number of nonrubber components, such as proteins, 
than are present in the original latex. From this cream, a purified latex can 
readily be prepared by dispersing the cream in distilled water and filtering the 
dilute latex thus obtained to remove the outside skin of the ring described above, 
which has already coagulated in the process of centrifugation. The salt index 
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Fie. 8.—Curves of the salt indexes of centrifuged field latexes. 
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Latex Clone Field Initial concentration Temperature 
D Avros 186 3/5 45.6 70°C 
E Ws 3/1 39.3 70°C 


of this purified latex can then be determined, but the most favorable tempera- 
ture is, in this case, a little lower than that for normal latex, i.e., 70° C instead 
of 80° C. 

Figure 8 shows these salt indexes as a function of the initial pH values at 
constant concentration. A comparison of these results with those shown in 
Figure 1, which likewise are for latex from clone W,, indicates that purification 
by ultracentrifugation is accompanied by great decreases, almost 50 per cent in 
fact, of the salt indexes for the same concentrations and pH values. 

However, there is not a complete levelling of the properties, since, even 
after ultracentrifugation, the salt indexes of latex D are considerably higher 
than those of latex E from another clone. 

Finally, partial removal of the nonrubber components by ultracentrifugation 
seems to lead to a notable simplification of the curves representing the salt 
index as a function of the pH value. It is no longer possible to distinguish two 
well defined regions, according to whether the initial pH value is in the acid 
range or in the alkaline range, as in the case of field latexes or the two ammonia- 
preserved latexes. Instead, the salt index decreases in proportion to the de- 
crease of the pH value in accordance with a curve which follows a regular course 
throughout the range of pH values examined. 
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BUFFER EFFECT 


The decrease of the salt index of a field latex by ultracentrifugation must be 
explained, at least in part, by the reduced buffer effect which characterizes such 
purified latexes. 

With diluted field latexes, the addition of a buffering agent has, in fact, a 
considerable influence on the mechanism of flocculation by zine sulfate, al- 
though this influence does not appear to be wholly dependent, for a given pH 
value, on the chemical composition of the buffering agent. Thus it was found 
impossible to coagulate a field latex of normal character, which had been diluted 
to 5 per cent concentration, by addition of a buffer solution of pH 7. When 
the same latex, again diluted to 5 per cent concentration, was treated with a 
buffering solution of pH 5 and thus brought to pH 5.7, flocculation at 80° C 
was effected only by addition of 0.0256 gram-per cent of zinc, in contrast to the 
spontaneous coagulation of a latex simply diluted with an aqueous acid. 


DISCUSSION 


In view of a lack of any definite facts on relations which may exist in practice 
between the salt index and chemical stability in the broad sense, we shall re- 
strict ourselves to a few hypotheses, which, if they can be confirmed by addi- 
tional experiments, will make possible an understanding of the essential nature 
of the flocculation of diluted latex by a soluble zinc salt, as described in the 
present paper. 

Other investigations of the gelation by zinc oxide of ammonia-preserved 
latex have shown that the colloid is destabilized as a result of the formation, 
under certain conditions, of soluble zinc salts, formed from the zine oxide pres- 
ent®. The zinc ions present in the serum react with the organic ions adsorbed 
on the surface of the latex globules, with formation of insoluble soaps‘. Since 
the number of ionized particles fixed on the globules is thereby diminished, it is 
conceivable that the electric charge on these globules and, consequently, the 
stability of the colloid must likewise be diminished. 

The preceding chemical theory is, however, contested by certain authors, 
who explain the destabilization of latex by a more classic mechanism of an es- 
sentially physical nature, i.e., the electrosorption of the zinc ions on the particles 
of rubber and the resulting change of electrokinetic potential. 

Whatever is the correct view, one is confronted with two hypotheses re- 
specting the essential significance of the total amount of zinc necessary to reach 
the threshhold beyond which the effect of a small increase of the concentration 
of zinc in the latex becomes the determinant factor. 

If the substances adsorbed on the surface of the rubber particles are con- 
ceded to play a major part in these phenomena, it may then be assumed that 
at least most, if not all, of the zinc is adsorbed in proportion to the amount 
added. If this is so, then the major part of the zinc must be expected to remain 
in the coagulum when the latter is separated from the serum at the end of an 
experiment. Now, determination of the zinc remaining in the serum of a field 
latex, diluted to 5 per cent rubber content, after coagulation of 100 cc. of the 
latex by the critical amount of zinc sulfate, showed that 0.0068 gram of zinc was 
present in the serum when the total amount of zinc added was 0.0081 gram. 

This result obviously suggests that substances in solution in the serum in- 
fluence the salt index perhaps even more than do the adsorbed substances. 
According to this second hypothesis, the zinc could be adsorbed on the rubber 
particles only when the serum components which are susceptible of forming, 
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with zinc sulfate, compounds little or not at all dissociated have been completely 
neutralized. The salt index would then be a function on the one hand of the 
total concentration of these substances in the serum, and, on the other hand, of 
the physico-chemical equilibria which govern destabilization. In particular, 
dilution of the serum ought to result in a decrease of the salt index, and this has 
been found to be true in general experimentally in spite of the increase of the 
electric charge of the particles caused by dilution of the latex". 

The effect of acids may be explained in the same way by preliminary neu- 
tralization of certain substances in the serum, independent of the reduction of 
the electric charge of the rubber particles. It can be regarded as extremely 
probable that several substances normally present in the latex are capable of 
insolubilizing zinc, and thus preventing the latter from exerting completely its 
destabilizing action. 

The ammonia in preserved latex certainly reacts with zinc sulfate, with re- 
sulting precipitation of zinc hydroxide. At the low concentrations employed 
in the experiments described, the formation of zinc-ammonium complexes is, on 
the contrary, rather improbable, at least in any considerable amount". In the 
case of field latex, the proportion of organic phosphates and natural soaps pres- 
ent in the serum seems likewise high enough for their reaction with zinc sulfate 
to absorb a notable fraction of the zinc!*. 

Finally, the anomalies observed on the curves of the salt index as a function 
of the initial pH value may be explained by the complexity of the protective 
layer adsorbed by the rubber particles. From the work of Kemp and Twiss! 
on ammonia-preserved latex, the proportion of the total surface of the rubber 
particles occupied, respectively, by the resins and by the proteins should be 
functions of the pH value and of the degree of dilution of the latex. On the 
other hand, the small dissociation coefficients of fat acids of pH values lower 
than 8 or 9 go far toward proving that, in an acid latex, these adsorbed slightly 
ionized acids contribute hardly at all toward stabilization, and that stabilization 
is, instead, brought about chiefly by the proteins. In this case, it is possible to 
explain the two branches of the curves of the salt index as a function of the pH 
value; one where the protein influence predominates, i.e.,in the acid range of the 
curves, and the other of a mixed character, where the lipoids and proteins par- 
ticipitate simultaneously in the stabilization. Ultracentrifuged field latexes, 
whose curves show only a single branch, would be an exception to this rule if it 
is assumed that they are stabilized throughout the range of pH values by only 
one protective mechanism. 


CONCLUSIONS 


The physico-chemical reactions which take place during the flocculation of 
latex by zinc sulfate are probably so complex that any hope of utilizing the salt 
index as a method of investigation of strictly scientific nature seems almost im- 
possible. However, because of its rapidity and its simplicity, and also because 
of the shortcomings of all tests which have been used up to the present time, 
any test based on measurement of the salt index should be of great practical 
interest to rubber technologists. The essential condition for the successful 
development of such a test is, from this point of view, that dilution of the latex 
by the addition of a considerable proportion of water, which is indispensable 
for the identification of a well defined discontinuity during the progress of floc- 
culation, does not bring about any considerable change of the colloidal proper- 
ties of the latex, 
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If it is, a priori, certain that the adsorption equilibria between the surface 
of the rubber particles and the serum are functions primarily of the concentra- 
tion, there is nothing to warrant the belief, a priori, that the nature and com- 
position of the protective interfacial layers are, after dilution, the same as the 
corresponding relations in the case of normal latex or concentrated latex. It is 
to be hoped that the efforts now being made by the Rubber Research Institute 
in Indochina to correlate variations of the salt index of field latex with variations 
of the technological properties of centrifuged latex, measured by all the classic 
methods, will lead to success and will thereby furnish the latex technologist with 
a new tool. 


SUMMARY 


Within a particular range of temperatures and a particular concentration of 
rubber, the flocculation of diluted latex by a water-soluble zinc salt is character- 
ized by a critical amount of zinc, termed the salt index, which is necessary and 
sufficient to destroy abruptly the colloidal equilibrium of the dispersion. 

In the course of an investigation of a preliminary nature, measurements 
were made of the changes of the salt index as a function of the concentration and 
of the initial pH value of different field latexes and of two samples of latex pre- 
served with ammonia. 

The influence of centrifugation and of buffering agents was likewise in- 
vestigated. On a theoretical basis, the phenomenon appears to be governed 
to a major degree by chemical reactions of the zinc with certain substances 
which are either in solution in the serum or are adsorbed on the rubber particles. 
From the practical point of view, a systematic investigation is underway to 
determine whether the salt index as thus defined can be accepted as a new test 
of the stability of fresh latex and preserved latex. 
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CONTRIBUTION TO THE DETERMINATION OF THE 
ABRASION RESISTANCE OF SOFT VULCANIZED 
RUBBER * 


R. HERz0G AND R. H. Burton 


Scuwerzeriscue Drant-, Kaset-, unp GuMMIWeRKE, DAtwyuer A. G., 
AurporF-Urt, SwitTzeRLanD 


INTRODUCTION 


To predict the future performance of a vulcanized rubber compound actu- 
ally amounts to making a forecast of its stress-strain properties, its color, its 
surface character, its elasticity, its recovery after stress, and its resistance to 
abrasion. 

Today, a rating of the first five of these properties can be arrived at fairly 
satisfactorily by the aid of a large number of laboratory tests. Heat and 
oxygen aging, measurements of permanent deformation and of elastic fatigue, 
a study of ozone resistance, and observations of flex-cracking need merely be 
mentioned. Provided that the conditions of practical application are known, 
a more or less reliable estimate of the behavior to be expected in service can be 
made. This proviso, on the other hand, accounts for the fact that attempts are 
everywhere being made to improve existing methods of determining abrasion 
resistance. 

Buist! has published an interesting survey of twenty-one abrasion testing 
machines. His conclusions on the unsatisfactory nature of the results of these 
various tests were abundantly confirmed at the ISO-TC-45 Conference at 
Akron in 1950. In view of the widespread use of the du Pont machine, it was 
then agreed to base international standards on this machine for the time being, 
although admittedly the results obtained do not agree at all well with practical 
experience’. Juve, Fielding and Grave* have also studied some of the other 
testing devices commonly used in American laboratories. The majority of 
these machines are rated as “‘passable’’, and many of them as “‘poor’’. 


SOME FACTORS AFFECTING THE DETERMINATION 
OF WEAR IN RUBBER 


1. Apart from the nature of the two parts in friction viz., the rubber and the 
emery surfaces, the factor of resilience and hence the correct choice of load are 
of great importance. Under a light load, a springy compound will “jump”, and 
thus escape a certain amount of wear. With the Diatwyler-Schiltknecht ma- 
chine, for example, we have found that, when the load is doubled from 127 to 
254 g. per sq. cm., the rate of abrasion is approximately tripled (Figure 1). 

Abrasion of a soft rubber compound is more affected by change of load than 
is that of a harder vulcanized rubber. 

The pressure acting on the specimen in various testing machines differs very 
widely‘, as shown in Table 1. 


* Translated for Rusper Cuemistry & TecHNo.oay from the Schweizer Archiv fir angewandte Wissen- 
schaft und Technik, Vol. 19, No. 1, pages 1-6, January 1953. 
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In service, however, the load on rubber, for example for a tire or a shoe sole, 
is generally much higher. The more-or-less regular motion of the wheel or of 
the foot, and the rate of increase and decrease of load, play an important part. 
Since the abrasiveness of the emery parts used in testing machines is as a rule, 
considerably greater than that of a road surface, the testing machines generally 
operate at lower pressures. 

2. There are also differences in the manner of application of the load, for 
example, parallel or perpendicular to the plane of the emery surface. Usually a 


SS 
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Abriebwiderstond % 
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150 200 300 400 
Priiflast gfem* 
Fig. 1.—Abrasion resistance as a function of the test-load. 


Ordinate—Abrasion resistance in percentage. 
Abscissa—Test-load in g. per sq. cm. 


constant weight is used, but there may be a spring or linkage which produces a 
variable load. The difference between these conditions emerges when the 
specimen, owing to irregular emery surface etc., is forced out of its normal posi- 
tion. Under constant weight, the force acting on the specimen remains the 
same. In the case of a spring (constant torque), the force increases in propor- 
tion as the specimen is pressed against the spring, so that the specimen promptly 
returns to its normal position. In the linkage of the Diatwyler-Schiltknecht 


TABLE 1 
Loap AppLiED To SPECIMEN IN Various ABRASION-TESTING MACHINES 


Testing machine Load (g. per sq. em.) 


U. 8. National Bureau of Standards 353 


Du Pont 450 
Datwyler-Schiltknecht 127 


machine, on the other hand, the force decreases, thus allowing the elastic proper- 
ties of the rubber to come into play to a larger extent. 

Alternatively, specimens may be mounted in a fixed position in the plane of 
the emery surface. They then have little opportunity to “jump over’’ coarse 
emery particles, and are therefore worn more rapidly. 

The importance of manner of load application is demonstrated by recently 
published data‘, according to which a du Pont machine converted from constant 
weight to constant torque showed considerably improved agreement with road 
tests in the rating of auto tires. 
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3. Motion of the specimen relative to the abrasive surface is another im- 
portant factor. In some machines, as for example the Dunlop-Lambourn 
machine‘, the disc specimen and the emery surface are driven positively at 
different speeds. The resulting slippage naturally has the same scraping effect 
as the process of abrasion in other machines where only the specimen or only the 
emery surface is in motion. The only difference is that new elements of surface 
are continually being exposed to abrasion. This enables each particle on the 
surface of the rubber to be relieved by resilience to some extent before the emery 
surface can act again. 

4. Of course, the surface condition oy the rubber specimen is also of impor- 
tance. It may, therefore, be assumed, that deviations of abrasion values is 
attributable to the efflorescence of wax and oil. Thus it has been thought that 
more reproducible results would be obtained with specimens subjected to ex- 
traction with an azeotropic ethanol-toluene mixture before testing’. However, 
this expectation has not been realized in all cases. Then again, the consider- 
able labor required for extraction would be warranted only by a definite and 
reliable improvement. Extraction also involves difficulties in connection with 
the necessary drying of the extracted specimens. The oxidizing effect of the 
surrounding air on the extracted rubber probably causes even greater deviations 
than those intended to be eliminated. We have therefore preferred mechanical 
removal of the top layer of the specimen in each instance. 


SPECIFICATION OF RESULTS 


Until recently, results in the case of the du Pont machine were specified as 
volume loss per horsepower-hour. Today, however, the test results are ex- 


TABLE 2 


STaNDARD CoMPOUNDS FOR RUBBER ABRASION TESTS, 
AS RECOMMENDED By ISO-TC-—45 


Composition Standard A Standard B 
(parts by wt.) (tire-tread type) (shoe-sole type) 


Smoked sheet rubber 100 100 
Zinc oxide 5 4 
1 phthal 

ylhe ate 
EPC black 


Whiting 
Benzothiazy] disulfide 
Mercaptobenzothiazole 
Sulfur 
Pheny]-8-naphthylamine 


mole! 
| 


Press-vulcanizing 


Abrasion Resistance = 


S = volume loss of standard compound (cc.) 
T = volume loss of specimen ( :: 


pressed in terms of abrasion resistance referred to a standard compound A or B, 
the abrasion resistance of the standard compound being taken as 100 per cent. 


THE CARBON BLACK OPTIMUM 


It has long been known empirically by rubber technologists that, in a rubber- 
carbon black mixture such as is used for tire treads, the best abrasion resistance 
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is obtained with a range of about 100:50 to 100:30 by weight of carbon black. 
Unfortunately, however, the various testing machines give highly contradictory 
results, with the exception of the Dunlop-Lambourn machine, which agrees 
closely with practical experience, and, accordingly, shvws an optimum at about 
50 parts of carbon black by weight’. 

Even the testing machine of the EMPA. (Federal Materials Testing 
Institute), St. Gallen, which—according to our information—acts on the speci- 
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pak 
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110 5 § 
/ 105 i 
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50 62.5 75 Gewichts-Teile Russ auf 
100 Gewichts-Teile Koutschuk 


Fie. 2.—Comparison of abrasion resistance data obtained with two different testing machines. 


abrasion distance (EMPA) or 
distance (=) to remove layer 1 mm. thick. 
Abscissa—Parts of carbon black per 100 parts of rubber. 
Ordinate—Abrasion resistance (Ditwyler-Schiltknecht) 
referred to Standard B. 


men between two millstone-like plates, with sand as abrasive, incorrectly shows 
increasing abrasion resistance for carbon-black contents of 50, 62.5 and 75 parts 
per 100 parts of rubber by weight, while the corresponding results in the 
Datwyler-Schiltknecht machine decrease (Figure 2). 


THE DATWYLER-SCHILTKNECHT MACHINE 


Since practical abrasion tests are generally very time-consuming and ex- 
pensive, and also require thorough’ statistical planning and evaluation because 
of the large number of variables involved’, we undertook to modify our 
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Schiltknecht-type abrasion-testing machine. The original Schiltknecht ma- 
chine consisted of a device like a record-player, in which the rubber specimen 
was attached to the under side of the “pick-up” arm. This arm, while the 
emery paper “record”’ is turning, moves radially inward towards the center and 
back again to the periphery. The rotational speed is regulated by a differential 
gear in such a way that the specimen is abraded by the emery surface at a con- 
stant velocity (44 cm. per sec. or approximately 1.6 km. per hr.), regardless of 
its radial position relative to the axis of rotation. 

The following simplified analysis demonstrates the effect of the lever arm. 
By way of rough approximation, we assume a weightless lever with two weights 
P, and P, at the ends (Figure 3). 


az =c/tana 
d, = (a— z) sina = (a — c/tana) sina = asina — ccosa 
d, = (b+ 2) sina = (b+ c/tana) sina = bsina + ccosa 


Hence, for the torque: 


Ped, — Pid; = P2(b sina + ccosa) — Pi(asina — cos 


Torque = (P2b — Pia) sina + (P2c + Pic) cosa 


If a becomes greater than 90°, both expressions on the right of the equation 
decrease. 


sin (90° + 8) = cosB 
cos (90° + 8) =— sing 
Thus it is readily seen that the height of the specimen also has an effect on 


the load and, hence, on the rate of abrasion. But in the old Schiltknecht ma- 
chine, as well as in the new Datwyler-Schiltknecht type, there is another effect 


for a = 90°+8 


Abrieb-Verlust der Stondard-Mischung A (cm*) 
RSS 


3 4 § 678690 6 
Anzahl der Abriebversuche 


Fie. 4.—Decrease of the abrasive action of emery paper by repeated use. 
Based on the equation of Buist: y = az*, where y is the 
abrasion, z is the time, and a and n are constants. 
Ordinate—Abrasion loss of the Standard Compound A in cc. 

Abscissa—Number of abrasion tests. 
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which depends on the height of the specimen. The specimen is held in a 
chuck, which compresses it. If only a small part of the specimen is outside the 
chuck, its surface is under stress, and therefore acts harder. On the other hand, 
the hardness of a large portion projecting from the chuck is less affected. It is, 
therefore, desirable always to adjust the specimens to the same height, with the 
aid of a gauge. Specimens that are too shallow should be cemented together. 


Fie. 5.—The Diatwyler-Schiltknecht abrasion testing machine. 


The specimen is weighed before and after the test, which is generally per- 
formed at room temperature and at different loads according to the position of 
the weights. From the specific weight and weight loss, the volume loss in 
cubic centimeters is computed. 

Our original technique consisted of first running two standard specimens, 
and then the test specimes, for 15 minutes each. The results were then re- 
ferred to the average abrasion-resistance of the standard specimens. This 
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method helped compensate the difference between different emery-paper discs, 
but did not take care of any irregularities within individual discs. Study of 
such irregularities showed that the abrasiveness of the disc, with certain varia- 
tions, decreases according to Buist’s formula" (Figure 4). 

Another slight improvement was, therefore, made by running one standard 
specimen at the beginning and the other at the end of a series of twenty. By 
plotting these two results on semilogarithmic graph paper with volume loss as 
a function of test sequence, it was possible to obtain the standard value S by 
graphical interpolation. Unfortunately, however, this promising method 
proved highly unreliable because of excessive irregularities within a given emery 
disc. To overcome all of these difficulties, we equipped our Schiltknecht testing 
machine with an additional independent pick-up arm, so that it is now possible 
to run the standard specimen simultaneously with the test-specimen (Figure 5). 

This eliminates practically all deviates due to variable test conditions. 
Most of the remaining deviations are very likely due to unavoidable irregulari- 
ties in the control specimen and test specimen themselves'*. 


SOME TEST RESULTS OBTAINED WITH THE DATWYLER-SCHILTKNECHT MACHINE 
Tire-tread compounds 
TaBLe 3 


Tire-Treap Compounps, CoRRESPONDING TO STANDARD CoMPouUND A WITH VARIOUS 
CarBon-Biack CONTENTS 


4 


Composition 
(parts by wt.) 
Smoked sheet rubber 
Zinc oxide 
Stearic acid 
EPC black 
Benzothiazy] disulfide 
Sulf 


ur 
Pheny]-8-naphthylamine 
Press vulcanizing 40 minutes at 144° C 


Se 
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Under the test conditions we selected, we obtained a definite optimum at 
about 30 parts of carbon black by weight (Figure 6). 


Shoe-sole compounds 

TABLE 4 

Compounps, CoRRESPONDING TO STANDARD CompounD B witH VarRIoUs 
ARBON-BLACK CONTENTS 


Smoked sheet rubber 
Zinc oxide 

i-2-ethylhexy te 
EPC black 
Whiting 
Mercaptobenzothiazole 
Sulf 


ur 
Pheny]-8-naphthylamine 
Press vulcanizing 
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Abriebfestigheit (gegen Standard A) 
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Fig. 6.—Abrasion resistance of a tire-tread d as a functi 
of the proportion of ro a black added. 


Dimensions of test-specimen 10 mm. pagel 6 mm. thick. 
Test load 7 g. per sq. 

ews pa Silearbo paper “40, series E 770 Extra. 
Time o 15 minutes. 


prebehieesaete resistance, referred to Standard A 
Abscissa—Top values = parts by weight of carbon black 
Lower values = Compound No. 
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Fig. 7.—Abrasion of a a sole tion of the proportion 


Dimensions of test-specimen 10 mm. oman 6 mm. thick. 

Test load 127 g. per sq. ¢ 

) aa paper Silearbo paper 40, series E 770 Extra. 
Time of abrasion 15 minutes. 


Ordinate—Abrasion resistance, referred to Standard B. 
Abscissa—Top values = parts by wei ok “ earbon black. 
Lower values = Compoun 


Here again, under the selected test conditions, there is an optimum at 30 to 
60 parts of carbon black by weight (Figure 7). 


PRACTICAL EXPERIENCE VERSUS DATWYLER-SCHILTKNECHT 
ABRASION—-TESTING MACHINE 


In Table 5 below we show a comparison of ratings of abrasion resistance of 
tire treads in actual service and as indicated by the Ditwyler-Schiltknecht 
machine. By the heating “In service’, we mean the results of years of experi- 
ence based on reports of salesmen, customers and test drivers. 

In this case, then, the agreement is very close. However, it must be 
assumed that, according as tire treads, shoe soles, or other vulcanized products 
subject to abrasive wear are to be tested, it will be necessary to arrive at opti- 
mum agreement with service performance by trial-and-error variation of test 
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TaBLe 5 


Service vs. DAtwyLER-SCHILTKNECHT MACHINE IN RaTING 
THE ABRASION RESISTANCE OF TIRE 


Com: 
sym abrasion time 15 min. 
A 97 
B 80 
Cc 75 
D 46 
E 46 


conditions in each instance. These test conditions primarily relate to test 
load, torque behavior according to the formula 


Torque = (P2b — Pia) sina + (P2c + Pic) cosa 


and also to the factor of the resilience of the rubber. Other variables are test 
temperature, kind of emery surface, abrasion velocity, and time of abrasion. 


SUMMARY 


Of the great number of methods available for the determination of the abra- 
sion resistance of vulcanized rubber, only a few give results which correlate at 
all well with actual service performance. 

The part played by the resilience of the rubber, the correct choice of test 
load, and the manner of application of this load are among the many testing 
conditions which are of considerable importance. 

Some of these conditions are considered in the present work, and a new 
abrasion testing machine is described. 
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RUBBER EVALUATIONS WITH INSTRON 
TESTING MACHINE * 


S. D. AND R. P. CLirrorp 


Resgearcu Division, Goopyear Tire & Rupser Co., Akron, OnIO 


Tensile stress-strain testing occupies a preeminent position in any laboratory 
system of rubber evaluation. For this reason, new developments in equipment 
or techniques for measuring stress-strain properties which appear applicable for 
rubber should be of especial interest to rubber technologists. The Instron test- 
ing machine’, although not specifically designed for rubber testing, possesses 
features which make it very useful in a rubber laboratory. It makes available 
novel procedures for the testing of rubber which are not only immediately use- 
ful, but are instructive for the possible development of improved techniques 
for rubber stress-strain testing. A number of these procedures are described 
and illustrative experimental results presented to show the capabilities of 
equipment of this type for rubber testing. 


DESCRIPTION OF TESTING MACHINE 


Several technical descriptions of the Instron machine which adequately dis- 
cuss its principles of operation and general features have been published'. To 
recapitulate briefly, it uses interchangeable resistance strain gauge load cells. 
The electronic system of amplification permits an extraordinary flexibility in 
the selection of the load range. For the instrument used in this work, extreme 
full-scale tension ranges from 2 grams to 5000 pounds were obtainable by the 
use of four load cells. Compression load cells to cover ranges up to 5000 pounds 
were also included. Calibration is checked by dead weight load on a low range 
for each cell. The deflection of the load cell due to the load is usually negligible, 
but can be corrected for if desired. The load is recorded with a Leeds & North- 
rup Speedomax recorder, having a response time of approximately 1 second for 
full-scale deflection. The chart speed can be varied by change gears between 
extreme values of 0.2 to 50 inches per minute. This provides a corresponding 
permissible variation in the magnification selected for the deflections of the 
test-specimen. 

The motion of the crosshead which carries the moving jaw is actuated by a 
servomechanism which accomplishes rapid and accurate positional response and 
adjustment by the controls. The speed of the crosshead may be varied by 
change gears in the range from 0.02 to 20 inches per minute. The instrument 
used in this work has controls to permit automatic cycling of the crosshead be- 
tween either adjustable extension or load points. 

Since the chart moves in synchronization with the crosshead, the elongation 
for a dumbbell-shaped test-specimen cannot be recorded directly on the chart. 
The stretch of the narrow portion of the dumbbell must be observed by means 
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of a tape and bench marks or by some other device. A manually operated pip 
circuit, which permits a mark to be made on the record at any desired point, 
facilitates such work. The controls can be set to return the crosshead auto- 
matically to the desired gauge length at a maximum speed of 20 inches per 
minute. This is a further limitation on the use of the equipment for routine 
tension testing, compared to machines which permit the crosshead to be dis- 
engaged for rapid return. 

The Instron jaws are well suited for measurements of rubber at moderate 
elongations. For higher elongations, conventional jaws for rubber testing of a 
“follow-up” type are usually necessary to eliminate slipping. Such jaws can be 
adapted readily to the machine. In fact, the mounting arrangements for the 
jaws are such as to encourage the design of jaws for special purposes wherever 
any advantage is to be secured in this way. 

The error in the load-weighing system, regardless of the range used, is less 
than +0.5 per cent with respect to the calibration. Under steady state condi- 
tions, the error in the crosshead position is less than 0.001 inch. In the case of 
a suddenly imposed reversal, the error may be larger (0.005 inch) but, due to the 
speed of recovery of the system, this larger error is of very short duration. 


COMPOUNDS USED 


For convenience, the recipes of the rubber compounds which were used are 
collected together in Table I for future reference. 


TABLE | 
CompouND FoRMULAS 
Compounds used, parts by weight 


Ingredient A B Cc D E F G H I J K 


GR-S 100 (cold rubber) 100 100 100 =©100 «100 100 
aware sheet 100 100 


Silica (RS-1) 

Carbon black (EPC) 50 
Carbon black SKF) 50 50 50 35 

Carbon black (SRF) 


disulfide 

N-Diethyleneoxy-2- 
benzothiazole sulfene 
amide 


thanolamine 


o 


ULTIMATE TENSILE STRENGTH AND ELONGATION 


As may be judged from the foregoing remarks, although the Instron tester 
may be used satisfactorily for tension tests on dumbbell-shaped rubber test- 
specimens, it does not show up to particular advantage here in comparison with 
machines which have been especially developed for this one technique. In 
theory, of course, it does have an advantage in that the load is applied with a 
constant strain rate. When there are motion and inertia in the load system, 
the loading conditions are not so well defined. 

It is quite feasible to develop an electronic type of extensometer to work with 
the Instron system. Figure 1 is a block diagram illustrating such an exten- 
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Mag 
Clutch 


Elongation 


Fig. 1.—Block diagram of extensometer. 


someter which has been constructed and found to be suitable for recording the 
elongation of the straight portion of a rubber dumbbell tension test specimen. 
Figure 2 is a photograph of the device. It includes a carriage which carries two 


Fra. 2.—Photograph of extensometer. 
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rollers that contact the test-specimen. The carriage is guided by rods mounted 
at the rear, and is connected to the crosshead by means of a steel cable and 
pulley system in such a way that it remains in the center of the test-specimen, 
that is, it moves half the distance that the crosshead travels. Each roller is 
connected by gears to a Selsyn generator. The difference in rotation of the 
rollers due to the stretch of the specimen between the lines of contact supplies an 


GR-S Tread Compound 60/275 


a) 100 200 300 400 500 
Elongotion, per cent 


Fic. 3.—Load-elongation curve recorded with extensometer. 


error signal by means of an error transformer to a servo-amplifier which controls 
a servomotor. This drives the chart through a gear system mounted on a 
bracket on the front of the machine. The motion of the chart nulls the error 
signal by gear connection to the error transformer. 


Figure 3 is a load-elongation curve as recorded with the extensometer. It 
will be noted that the elongation is recorded in a logarithmic way. This is 
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200 400 600 
Elongation, per cent 


Fic. 4.—Comparison of results for a gum compound. 


characteristic of the system. The device records true strain which represents 
the stretch that is actually occurring in each increment of length of the rubber 
at any instant. The rubber compound had the same formula as compound A 
except that hot GR-S was used instead of cold rubber. 

Figures 4 and 5 present a comparison of results with the extensometer with 
those from an Albertoni autographic rubber tension tester. Each curve on 
these plots is the average curve secured from each of nine test-specimens (three 
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GR-S Tread Compound 
60/275 
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Fie. 5.—Comparison of results for a tread compound. 


dumbbells from three test-sheets for each curve plotted). The agreement is 
considered to be satisfactory. The somewhat higher tensiles and elongations 
secured with the Instron tester are interesting. The tests were carefully con- 
trolled as to temperature, age of test-specimens, etc. The only explanation 


that seems probable is that this difference is due to characteristics of the ma- 
chines. For instance, the crosshead speed with the Instron tester was 20 


Fria. 6.—Equipment for cutting and testing_ring tensile specimens. 
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inches per minute. This was also the linear speed of the screw of the Albertoni 
machine, but the motion of the grip attached to the pendulum results in a some- 
what lower rate of jaw separation than occurs with the Instron machine. 

The accuracy of the Instron machine for low load ranges makes it useful for 
determining tensile properties in cases where conventional dumbbell test-speci- 
mens cannot be secured. A technique that has been found especially useful 
employs a rotary cutter, illustrated at the left in Figure 6. This is made in two 
pieces, the outer blade screwing onto the central shaft. The cutter is used 
either in a drill press or with a hand power drill. For sheets up to } inch thick, 
the cutter will provide ring-shaped test-specimens having an inside diameter of 
3 inch, an outside diameter of 3 inch, and a width equal to the thickness of the 
sheet. For irregularly shaped rubber samples, such as a tire tread, an annular 
cut about } inch deep can be made and a rubber test-ring excised with a special 
hand tool, also illustrated in Figure 6. The rings are trimmed on a high-speed 
mandrel with a double edged jig and are tested with hook jaws, illustrated at 
the right in Figure 6. A thin film of silicon grease is used on the jaws for lubri- 
cation. The rubber ring just fits on the hooks when they are together at the 
start of the test, so that the elongation is given simply by: 

22 
Elongation (per cent) = 100 =D 
where D is the average diameter of the ring, that is, 3g inch, and z is the cross- 
head travel. 
Tasie II 


CoMPARISON OF RESULTS WITH DUMBBELL AND 
Compound A: Cure, 60 min. at 290° F 


Dumbbells Rings 
300 per cent Tensile 300 per cent Tensile 
stress strength stress strength 
(Ib. per Elongation (Ib. per (Ib. per Elongation (Ib. per 
Test no. sq. in.) (per cent) sq. in.) 8q. in.) (per cent) sq. in.) 
1 1110 525 2430 1035 565 2460 
2 1120 490 2140 1100 560 2700 
3 1080 525 2560 1085 552 2650 
4 1150 575 2800 1053 553 2510 
Average 1118 529 2480 1065 557 2580 
Average deviation 
from mean 1.8 percent 4.3 percent 8.0 percent 2.3 percent 1.0 percent 3.7 per cent 


This technique has been found to be capable of giving results which are more 
reproducible than those secured with dumbbell test specimens. Four dumbbells 
were dyed from a single test-sheet, 0.082 inch thick, and were tested with the 
Instron machine. The elongations were secured by means of bench marks and 
ascale. Four rings were cut from the same sheet and tested as described. The 
results of this comparison are shown in Table II. 

Although this method of specimen preparation might be used with other 
tension testing machines, it is particularly well adapted for the Instron because 
of the coordination of chart and crosshead motions, the accuracy of the low 
load ranges, and the smoothness of the crosshead motion. 


STRESS-STRAIN TESTING 


The Instron machine is especially suited for studying the complex stress- 
strain properties of rubber at low and intermediate elongations, where straight 
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Compound A 
Test Specimen 
0.083X0.240X2.0 
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Fig. 7.—Typical load-elongation curves for a range of cures. 


strips of rubber can be used with the Instron jaws. The versatility in load 
range, chart speed, and crosshead motions can then be employed to full ad- 
vantage for determining the effects of deformation history and other factors on 
the details of the stress-strain curves. The term stress is used here in the con- 
ventional fashion for rubber and is the ratio of the load to the original cross- 
section. 


Compound A 
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0.083 x 0.240 x 2.0 
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Elongation, per cent 
Fig. 8.—Example of the magnification of the load scale for low elongations. 
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Fic. 9.—Load-elongation curves recorded for a range of cures of Hevea gum compound. 


Figure 7 shows stress-strain curves for a series of cures of a cold rubber tread 
stock, compound A. Figure 8 illustrates how the low elongation portion of 
these curves can be examined in more detail by starting the curves on a low load 


range and switching to a higher load range, without stopping the crosshead. 
The switch in load range was made here to coincide approximately with the 
inflection point in the stress-strain curves. The change in curvature for the 
two regions is very pronounced. 


-B 
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300 
Elongation, per cent 
Fig. 10.—Examination of the low elongation region in more detail. 
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Figures 9 and 10 show results of a similar study for compound B, a Hevea 
gum stock. The transition between the two directions of curvature is more 
gradual for the gum stock than for the tread stock, so that the second portion 
of the curves for the gum stock are nearly linear. 

In most applications, rubber is used at relatively low elongations. The 
ability to examine the stress-strain curves with good accuracy and facility for 
elongations as low as 10 or 25 per cent adds something hitherto not available for 
rubber testing laboratories. 

The stress-strain curve now in use for rubber evaluation is strictly a transient 
curve. The large deviation which may exist between the transient stress-strain 
curve and the equilibrium curve obtained after repeated cycling is illustrated in 
Figure 11. Since the cycling controls can be set to work automatically, it be- 


Compound A 


Test Specimen 
0.082 X0.240X2.0 
60/290 F 


Equil. Modulus 


i. 


100 
Elongation, per cent 
Fi1a. 11.—Comparison of initial and equilibrium load-elongation curves. 


comes feasible, for instance, to request of an operator the modulus for 100 per 
cent elongation after four cycles to 300 per cent elongation. This information 
can be secured about as readily as the transient, first-stretch modulus. 

Figure 12 shows the divergence between initial and equilibrium 100 per 
cent modulus values for a GR-S and a Hevea tread stock for a range of cures. 

It is known that the deviation between the initial and equilibrium modulus 
values is most pronounced for tread stocks containing reinforcing carbon 
blacks. But if the comparison is made using a nonreinforcing black at a high 
enough loading to give an initial modulus equal to that secured with the rein- 
forcing black, then the effect may be just as large or larger with a “‘soft”’ black. 
This is shown by the curves in Figure 13. Thus this spread between the 
initial and equilibrium moduli is a very general phenomenon with rubber com- 
pounds. 
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100 per cent Modulus, psi 
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60 80 120 
Cure, min at 275F 


Fig. 12.—Divergence of initial and equilibrium modulus values. 


The interesting way in which the initial stress-strain curve tends to be re- 
sumed at higher elongations, even though the equilibrium curve obtains for 
lower elongations, is shown by the series of steps in the stress-strain curve in 
Figure 14. This curve is a good illustration of the functioning of the manual 
crosshead controls. 
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Fic. 13.—Effect of type of black loading on initial and equilibrium modulus. 
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Fie. 14.—Illustration of the functioning of the crosshead controls. 
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Fie. 15.—Effect of crosshead speed on load elongation curves. 
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The effect of testing speed on the stress-strain curve of compound A at 
lower elongations is shown in Figure 15. The testing speeds shown were ob- 
tained by using change gears for the crosshead motion with a constant initial 
specimen length of 4 inches. Wider ranges of effective testing speeds could, of 
course, be secured by varying the specimen length also. The spread in the 
curves should be quantitatively accounted for by the creep characteristics of the 
rubber, using an analysis similar to that described by Nadai* for such curves for 
metals. The stress, s, is regarded as a function of the rate of strain, u, and the 
strain, €, so that: 


feu) 6%) 


Using a family of curves such as those shown in Figure 15, “ can be secured 


as a function of ¢ for any constant value of s. The creep curve for this value of 
s will then be given by: 
f “de 
t= 
o U 


This integral can be obtained by graphical integration from a plot of the 
values of : versus € corresponding to a constant value of s. 


To test the ideas, the creep curve shown in Figure 16 was secured. To do 
this, the Instron machine was used in the following way. A practice test strip 
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Fic. 16.—Comparison of creep results by two methods. 


was clamped in the upper jaw. The load was attached by means of the lower 
jaw, which was not fastened to the crosshead. The crosshead was then lowered 
slightly below the lowest point reached by the load in the initial stretch of the 
piece. The position of the crosshead as given by the dials on the machine was 
recorded. A new test-specimen was then substituted, the chart started, and a 
pip mark made when the load was carefully applied. The instant the weight 
touched the crosshead, a pip mark was made on the record, the time from load 
application noted from a stop watch, and the crosshead lowered a small step. 
This procedure was repeated as often and as long as desired to secure points on 
the creep curve. The instant of contact of the weight with the crosshead could 
be determined very precisely by the subsidence of the inevitable small oscilla- 
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Fria. 17.—Illustration of load-elongation curves for unvulcanized compounds. 


tions resulting from room vibrations and air currents, although a sensitive direct 
load indication could also have been obtained from the chart. 
The graphical integration previously described was carried out. The points 


secured are shown in Figure 16. The form of the e€ versus : curve was not 


conducive to lending high precision to the procedure. Nevertheless, the 
agreement of the points with the observed creep curve is satisfactory enough to 
establish a relation between creep and the effect of rate of strain on the stress- 
strain curves. 

The low load ranges and smooth crosshead motion of the Instron machine 
enable it to be used for measuring the stress-strain characteristics of unvulcan- 
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. 18.—Effect of aging on properties of raw polymers. 
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ized polymers and compounds. In this work, the Instron jaws can be used with 
straight strips for test-specimens, as jaw breaks do not occur. For tread com- 
pounds, test-sheets were prepared by pressing out sheets of the compounds 
under moderate conditions such as 230° F for 5 minutes. Raw polymers were 
pressed out at 300° F for 2 hours and then clamped between plates at room 
temperature for 24 hours to secure satisfactory test sheets. Figure 17 ilul-s 
trates the diversity found in the stress-strain properties of three experimental 
oil-polymer unvulcanized tread compounds. The lower modulus and higher 
ultimate elongation for compound 3 were reflected in very satisfactory factory 
processing. Compound 2 was marginal in processing, whereas it was impos- 
sible to use compound 1 in the factory. The modulus of the raw tread com- 
pound is especially significant for evaluating the tendency to pull open the 
tread splices on raw, expanded tires. 

Figure 18 illustrates the use of stress-strain measurements to ascertain the 
aging stability of a raw polymer. The tensile and elongation measurements 
appear to be more sensitive to aging than do those of Mooney plasticity, which 
are generally used for this type of work. 


HYSTERESIS DETERMINATIONS 


The automatic cycling controls for the crosshead motion enable hysteresis 
determinations to be made readily by comparison of the areas of equilibrium 
hysteresis loops with areas under the stress-strain curves. Such data can 
readily be obtained for different loop amplitudes at various locations on the 
stress-strain curve. Figure 19 shows a series of loops made in conjunction with 
the stress-strain curve of a natural-rubber gum stock. Information of this 


type should be of considerable value from a research standpoint for understand- 


Compound-B 
Test Specimen 
0.082 X 0.240 X2.0 

25/290F 


100 200 300 
Elongation, per cent 


Fic. 19.—Hysteresis loops at various locations on a load-elongation curve. 
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60 GB Vibrotester 
Instron 


Compound K H ! J G 
Fra, 20.—Comparison of Instron and Vibrotester resilience values, 


ing the nature and structural mechanism of hysteresis losses for elastomers. 
For laboratory evaluations of hysteresis of direct practical interest for tire 
service, experience has indicated that low amplitude, high frequency oscillations 
in shear or compression at a controlled elevated temperature are desirable. It 
would probably not be worth while to try to substitute Instron hysteresis deter- 
minations for those secured with these specialized techniques. Nevertheless, 
in cases where only tension specimens are available or under similar unusual 


circumstances, the Instron determinations can be used to advantage. At low 
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Fia. 21,—Records of free vibrations. 
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amplitudes, the relative hysteresis ratings from Instron records for various 
compounds correlate fairly well with those secured from a forced vibration 
method. Figure 20 gives a comparison of resilience values secured with the 
Instron machine and with the Vibrotester* for a series of five cold rubber com- 
pounds, in which the type of pigment loading was varied. It will be noted that 
the relative ratings for the compounds are very similar for the two methods, 
although there is a significant difference in the actual values for the resilience 
given by the two methods. The amplitude cycle for the equilibrium Instron 
loops was 1 to 10 per cent elongation. A gauge length of 1 inch was used with a 
test strip specimen with dimensions of 0.082 by 0.24 inch. The frequency was 
0.16 cps and, of course, the wave form is essentially square wave. The Vibro- 
tester conditions included sinusoidal compression vibrations of +1.5 per cent 
amplitude at 60 cps. 

Hysteresis may also be measured by recording the decay of free vibrations 
with the Instron system. To do this, a strip of rubber was clamped in the 
upper jaw and a weight attached to the lower end of the strip. The weight was 
set into vertical oscillation and the decay of the vibratory force recorded. 
Typical recordings secured by this method for a variety of compounds are re- 
produced in Figure 21. Although this is an elegant procedure, it does not over- 
come the inherent disadvantages of free vibration methods. It is, for instance, 
difficult to secure good precision in the measurement of traces such as those 
given by the synthetic tread stocks. 


COMPRESSION TESTING 


The attachments for compression measurements are a valuable adjunct for 
the Instron machine in a rubber laboratory. The cycling controls and control 
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Fic. 22.—Load-compression curves for a series of foamed-rubber specimens. 
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Fie. 23.—Compression loading and relaxation curves. 


of the crosshead motions function in the same way as for tensile testing. Two 
examples will be given from the many applications which occur for laboratory 
compression testing. Figure 22 shows load-compression curves secured for an 
experimental series of foamed rubbers of varying density. Figure 23 presents 
the compression loading and stress relaxation curves secured for two gasket- 
type rubber compounds‘. 

It may be mentioned also that the properties under compressive loading for 
unvulcanized compounds have shown interesting correlations with the gauge 
contours of calendered fabrics which, in turn, are related to the plastic and 
elastic forces causing bending of the calender rolls. Furthermore, the com- 
pression system has been readily adapted to secure very precise penetrometer 
evaluations of the hardness of vulcanized rubber compounds. 


CONCLUSIONS 


The principles of operation incorporated in the Instron machine give it 
wide distinctive fields of usefulness in a rubber testing or rubber research labor- 
atory. Its principal limitations for rubber testing are usually associated with 
unique conditions which occur in rubber testing as contrasted to the testing of 
other materials. The results available should encourage improvements in the 
equipment and procedures in general use for rubber stress-strain evaluations. 


SYNOPSIS 


Results are presented from an investigation undertaken to explore new 
opportunities for the evaluation of rubber from stress-strain characteristics 
obtained with an Instron testing machine. The resistance strain gauge load 
recording system, and the flexibility of control of the crosshead motions intro- 
duce a variety of possibilities not available with the usual pendulum type of 
rubber tester. 
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Accurate recording of the load-elongation curves for low elongations is of 
particular interest for many technical applications. Reproducible deformation 
histories can be applied readily to test-specimens and the effects on load-elonga- 
tion curves observed. The transient character of the first-stretch load-elonga- 
tion curve usually used in rubber testing is apparent by comparison with 
equilibrium curves after repeated cycling. The facility with which such data 
is obtained makes use of equilibrium curves feasible. Load relaxation at 
either constant elongation or constant compression may be recorded directly. 
Creep at constant load can also be determined. The effect of rate of elongation 
on the load-elongation curves can be correlated with creep curves. The low 
load ranges available and the smooth crosshead motion give reproducible re- 
cording of load-elongation curves for raw rubber and raw compounds. These 
results have significance for some phases of processibility. The use of a small 
ring-shaped test-specimen secured with a rotary cutter provides an elegant 
technique for sampling the tensile properties of the rubber in vulcanized rubber 
articles. Hysteresis may be evaluated by recording the decay of the vibratory 
load for the free vertical vibrations of a test-specimen and attached mass. 
Hysteresis determinations can also be made over large ranges of amplitude by 
recording load-elongation cycles and measuring areas. Compressive as well 
as tensile loading may be used. 

Results from these various procedures are given to illustrate the versatility 
and flexibility in testing with this equipment. They indicate important fields 
of usefulness for it in rubber testing other than routine testing for ultimate 
elongation and tensile strength, for which it is not particularly well adapted. 
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While those who profess to be microchemists have a number of specialized 
techniques, it is surprising how often microchemistry is used without appreci- 
ation that this is being done. As examples in the analysis of rubber, two quali- 
tative color tests may be mentioned that are both applicable to small samples. 
The first was described by Weber' in 1900, but interest in it has been revised 
recently by Stern? and by Parker and Wake’. In this test the rubber is treated 
with bromine and then with phenol; natural rubber gives a violet color and so 
may be distinguished from synthetic elastomers. In the second test, due to 
Kirchhof*, natural rubber is detected by the yellow-to-red color which it gives 
with trichloroacetic acid. Other reactions carried out with small quantities of 
rubber for identification purposes include the well known Beilstein test for 
halogens, in which the organic substance when heated on a copper wire imparts 
a green color to a Bunsen flame. This method was suggested by Newton for 
the detection of chloroprenes, and has been applied by Shaw‘ in a systematic 
procedure for the identification of plastics in general. Spot tests have also been 
devised’ that depend on the reactions of the vapors produced by destructive 
distillation of the rubber being examined; for example, Neoprene gives vapors 
which bleach paper impregnated with potassium chromate’, or the density and 
pH value of the distillate may be determined®. The rates of reaction of natural 
rubber and various synthetic elastomers with mixed nitric and sulfuric acids has 
been shown" to be characteristic and may be determined with small samples. 
In contrast with the above, some procedures have been called micromethods by 
their advocates merely because the samples used are smaller than usual. 
Microchemistry was clearly defined by Emich" as covering the range 2 to 10 
mg. of substance, and the present author’s work described below should prop- 
erly be termed semimicroanalysis. 

In view of the fact that this is a conference of chemists, physical examina- 
tions are here mentioned only briefly, although they may provide valuable in- 
formation and yet consume only small amounts of material. Alber’? and 
Wilson" have reviewed micromethods for the determination of specific gravity 
and Wilson" those for viscosity measurement: some of these should prove useful 
in the examination of rubber. It has been said'® that qualitative information 
may be obtained by observing the fluorescence of rubber in ultraviolet light; 
more detailed results are obtainable from an investigation of the ultraviolet 
absorption spectrum, concerning which reference may be made to two reviews'®. 
A recent review!’ of infrared spectrographic methods mentions application to 
rubber science!*. The examination of rubber under the microscope has been 
described by Allen'*, who gives references to the work of other investigators. 
For the use of the electron microscope, see Ladd™, Zworykin and Hillier”, and 

* Reprinted from the Proceedings of the XIth International Congress of Pure and Applied Chemistry 


(Lenden. Vol. 5. a (1947). Although the Congress was held in 1947, the ings were 
not published 1888 
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Kelsey and Hanson*. The ultramicroscope has also been used in rubber 
technology”. 

Particularly during the war years, many papers have been published which 
describe procedures for the estimation of the dry rubber content of latex, and 
some of these have been microanalytical methods. Wittenberger and Brice™ 
counted rubber particles under the microscope, and other workers*® have cor- 
related the turbidity of the latex with its rubber content. A more satisfactory 
method would appear to be that due to Compagnon and Le Conte**, in which a 
little latex between microscope slides is coagulated by alcohol. 

The author’s interest in the microanalysis of rubber arose from the necessity 
of analyzing a small piece of insulant from a cable, the sample being too small 
for examination by the classical methods for soft vulcanized rubber; therefore, 
suitable semimicromethods were devised’. Since this work was published, 
the only investigations on the microanalysis of vulcanized rubber appear to be 
those of Luke** on the semimicrodetermination of total sulfur. 

Sampling was one of the problems that required consideration, and it is a 
subject which is still worthy of rubber chemists’ attention. As far as the 
writer is aware, no one has examined the effect on the analytical results of com- 
minuting the rubber in air (or oxygen) and in an inert gas: until this has been 
done the effects of fine grinding and local generation of heat cannot be assessed. 
In preliminary experiments, a single sample was distintegrated in a laboratory 
roll mill and by rasping. The latter product was considerably finer than the 
former and it gave an acetone extract of 3.7 per cent, which was not altered 
appreciably when the fine material was stored in air for three days, whereas the 
acetone extract of the milled product was 3.4 percent. The difference between 
these results could be due either to greater oxidation during the comminution 
to the finer material, or to failure of the solvent to gain access to the central 
portions of comparatively large rubber particles. In the writer’s laboratory, 
rubber for analysis on the usual scale is sampled by holding it against a rapidly 
rotating steel cutting tool, but this procedure is inapplicable to small pieces. 
It may be possible to comminute the latter by use of a percussion mortar cooled 
with solid carbon dioxide. 

The same apparatus is used for both the acetone and chloroform extractions, 
and it is modified slightly for the alcoholic potash extraction. It was specially 
designed for this purpose and can be made in the laboratory, but attention is 
drawn to a comparison of the performances of various microextractors pub- 
lished by Batt and Alber®. The writer’s apparatus, as set up for acetone or 
chloroform extractions, is shown in Figure 1. 

The sample is supported on a small sintered glass funnel B and is extracted 
continuously by solvent that drips from the wire frame at the bottom of the 
condenser E ; the condensed solvent is guided on to the sample by the funnel A 
and the extract is collected in the capsule C, from which the solvent is continu- 
ously evaporated. The glass parts with their contents are assembled on the 
wire frame G, and the whole is placed in the glass sample tube D, the top edge 
of which is ground flat so that it is effectively sealed against loss of solvent 
vapor when the condenser £ is in position. The frame H is convenient for 
holding the sintered funnel B on the balance pan. The condenser is made 
from brass tubing (} inch outside diameter, jg inch bore) and is completely 
covered with tin by dipping in the molten metal—the frames G and H are treated 
similarly. At first, attempts were made to use a small siphon cup in which 
the sample was placed in a fluted filter paper (diameter 4.25 cm.) but this pro- 
cedure was abandoned because of irregular action of the siphon and because of 
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the difficulty of making and handling a grease-free fluted filter. Six units may 
be connected in series in a water bath 5 in. X 7} inches, but the rubber con- 
nections must be wired on to the condensers. 

For the acetone and chloroform extractions, about 20 mg. of sample is 
weighed accurately in the sintered funnel and about 3 cc. of solvent is placed 
in the capsule C by means of a small all-glass wash bottle. Experiments have 
shown that the acetone extraction is completed in about two hours and the 
chloroform extraction in about 14 hours. At the end of these periods the 
frame and its contents are withdrawn from the outer tube; the lower part of the 
frame and the outside of the capsule are rinsed with solvent, and the washings 
collected in the outer tube, from which they ‘are transferred to the capsule; the 
solvent is evaporated from the latter on a warm water bath and this is ac- 
celerated by means of a gentle current of filtered air. The capsule is dried 
finally for 15 minutes at 105° C prior to weighing. [The author’s attention has 
been drawn by W. C. Wake of the Research Association of British Rubber 


Fie. 1.—Extraction apparatus. 


Manufacturers to the fact that some difficulty may be experienced with the 
microdetermination of an acetone extract, because, in “blanks’’, a nonvolatile 
product may be formed, apparently by polymerization of the acetone. The 
author has not encountered this difficulty, and it has yet to be determined how 
it can be avoided with certainty. ] 

After the acetone extraction, there is no necessity to remove all of the solvent 
from the rubber, but no solvent should remain after extraction with chloroform 
because the latter would react with the alcoholic potash solution used sub- 
sequently. The chloroform is easily removed under reduced pressure. For 
the alcoholic potash extraction, the rubber is transferred from the filter funnel 
B to an empty outer tube D by means of a Pregl’s feather®, and about 1.5 cc. of 
N alcoholic potash solution is measured on to it by means of a pipette. A 
blank determination is made with the same quantity of potash solution. 
Absolute alcohol is used and is preferably purified with silver oxide, as de- 
scribed by Stout and Schuette* in order to reduce the blank value to a mini- 
mum (almost mil). The rubber and alcoholic potash are heated under reflux 
for 1} hours, and the extract is filtered through a Pregl cotton-wool filter® into 
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asmall beaker. It is evaporated almost to dryness on the water bath, using a 
gentle current of filtered air, and the residue is dissolved in a little water. The 
solution is filtered and is drawn by suction into a Browning®™ separator (Figure 
2), having a bulb capacity of about 10 cc.; a small separatory funnel may be 
used as an alternative, but is less convenient. In the Browning separator ex- 
tractions are effected in the bulb and the lower layer is removed via the capil- 
lary, which is also used for the introduction of solutions and solvents. The 
alcoholic potash extract, after transfer to the separator, is acidified with dilute 


Fic. 2.—Browning separator. 


hydrochloric acid and is extracted with two quantities, each of 5 cc., of ether. 
The ether extract is washed twice with a few cc. of water and is run into a small 
weighed flask, the separator being washed with a little ether. The ether is 
removed on the water bath and the flask heated for 15 minutes at 105° C prior to 
weighing. 

The apparatus shown in Figure 3 was devised for the total fillers determina- 
tion. About 10 to 20 mg. of rubber is weighed accurately into the microbeaker 
A, to which may be attached, by means of a ground joint, the air condenser B. 
The rubber is covered with a layer of a-nitronaphthalene crystals about 1 cm. 
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deep, and the mixture is heated in an oil bath previously heated to about 200° C. 
After heating for 15 minutes (longer is required for the decomposition of some 
samples), the air condenser is removed while the apparatus is still warm. When 
the microbeaker has cooled, about 4 cc. of benzene is added to the contents. 
The fillers are allowed to settle and the supernatant solution is removed through 
a filter-stick; the residual fillers are washed with benzene and the beaker and 
filter-stick are dried, preferably in a Benedetti-Pichler drying block™, and 
weighed together. 

In all the above quantitative methods the precautions usual to microchemi- 
cal analysis must be observed ; for example, the wiping technique before weigh- 
ing the glass vessels. The extraction processes are arbitrary when applied on 
the usual scale so that it is necessary to make the microextractions in such a 


| 


Fie. 3.—Total fillers apparatus. 


manner as to yield comparable results: the data supporting the new methods 
were quoted in the earlier paper®’. The difficulty of making results obtained 
on the microscale agree with those from an arbitrary macromethod would need 
to be surmounted if the wet oxidation of rubber to acetic acid*® was attempted 
on small samples, but this problem has not been examined ; the older method of 
calculating the rubber content of the vulcanizate (by difference) was used in- 
stead. It was, therefore, necessary to determine the amounts of sulfur present 
in various forms. Both the microanalytical and rubber literatures have numer- 
ous references to the determination of sulfur, and a wide choice of methods is 
available. Those selected by the author are described briefly and other pro- 
cedures, probably equally satisfactory, are noted. 

The total sulfur was determined?’ by fusion of about 5 mg. of the rubber 
with sodium peroxide mixed with sodium and potassium carbonates (fusion 
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mixture). The cooled melt was extracted with hot water, the filtrate was acidi- 
fied with hydrochloric acid, and was evaporated to dryness to render silica in- 
soluble. The solid was extracted with hydrochloric acid and the sulfate pre- 
cipitated by barium chloride; the precipitate was collected and weighed in a 
porcelain micro-Neubauer crucible. The “free’’ sulfur in the acetone extract 
was determined by a modification of the bromine oxidation method, in which 
it was finally precipitated as barium sulfate and was weighed in a procelain 
micro-Neubauer crucible. The sulfur present in the total fillers may be deter- 
mined conveniently by a fusion method. 

The Carius method of sulfur determination was adapted to microanalysis by 
Preg]®, and has been modified by Niederl, Baum, McCoy, and Kuck**; it is 
reliable and is not so hazardous as the classical Carius procedure. For routine 
analyses Belcher’s recommendations*’ should prove useful; he suggests rapid 
combustion of the sample in oxygen in an “empty” tube as a satisfactory de- 
velopment of the standard microcombustion**. For volumetric finishes to 
combustion methods, reference may be made to papers by Gibson and Caul- 
field®, Brewster and Rieman®, and by Pedersen“. Ingenious methods have 
been devised by Ingram® and by Lacourt and Chang*. In the former, traces 
of sulfur are determined by causing the acid gases from a combustion in oxygen 
to react with copper oxide; and the copper that passes into solution is estimated 
colorimetrically. Lacourt and Chang absorb the oxides of sulfur, produced by 
combustion of the sample in oxygen, on metallic silver as in the Pregl carbon- 
hydrocarbon determination™, silver sulfate is dissolved from the wire by treat- 
ment with ammonia solution and the sulfate is determined as barium sulfate. 
Routine microdeterminations of organic sulfur are also made by combustion in 
a bomb“ and by fusion methods**. Sulfur present in the form of sulfide has also 
been determined by a microevolution process**. 

It may be contended, justifiably, that the various methods at present in use 
for the determination of traces of copper and manganese in rubber are, in fact, 
microchemical. In view of recent findings‘? that the combinations in which 
these elements are present are probably of greater significance than their con- 
centrations, the literature on their methods of determination is not reviewed 
here. 

In conclusion, attention is drawn to an important development in the 
analytical chemistry of rubber, the application of chromatographic separations. 
This technique has been used by Bellamy, Lawrie, and Press** for the examina- 
tion of the acetone extract of vulcanized rubber for the identification of ac- 
celerators: it was applied qualitatively and on the usual scale, but the quantita- 
tive microtechnique has already been established for chromatography in other 
fields. 
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RELATION BETWEEN STRESS RELAXATION AND 
AGING RESISTANCE OF RUBBER VULCANIZATES. 
Il. EFFECT OF COPPER IN VARIOUS 
ACCELERATED STOCKS * 


H. Leta PEDERSEN 


CaBLe AND Wire Works, CoPENHAGEN, DENMARK 
INTRODUCTION 


As was shown in a previous paper’, a definite relation exists between aging 
and relaxation rates for rubber vulcanizates. Gee* has shown that the modulus 
of stocks with the same “compound” viscosity determines the average molecu- 
lar weight between bonded units. We shall, therefore, expect to find a con- 
stant sulfur-bond distribution in related vulcanizates with the same niveau of 
moduli and Mooney plasticity and, hence, the same free energy for the process 
of oxidation. If various retarding agents such as antioxidants are added, 
measurement of the rate of relaxation of the stress at constant elongation will 
conform with the rate of aging expressed in terms of tensile strengths. 

For vulcanizates with the same system of accelerators but containing differ- 
ent fillers, the moduli will vary widely, and interpretation of the stress relaxa- 
tion measurements (abbrev. SR) will become difficult. The same will hold 
for systems with boosted accelerator complexes. Plain accelerator/sulfur 
stocks seem, on the contrary, to give approximately the same range of stability 
whether tested in aging or relaxation. 

Thus the merit of the relaxation method is the rapid evaluation of the 
catalytic effect of compounds which does not interfere with the state of cure. 
By a proper choice of the temperature, the SR measurement can be completed 
in minutes, and it is possible to select the active compounds for the more tedi- 
ous control in aging. 

Especially for work with the antioxidant effect in thiuram vulcanizates 
without addition of sulfur where the shelf aging in air at 95° C lasts for 50-60 
days, the use of the stress relaxations measurement at temperatures of 130- 
150° C represents a very convenient method of information. The copper effect 
described in the following was actually stated with the SR method. Since the. 
method easily might be conducted half or fully automatically, it is very suited 
for research work or even for control. 


METHOD 
THE FIRESTONE BALANCE 


The Firestone balance previously described' was slightly altered in the 
course of the work. For convenience, the balance was placed outside, on the 
top of the thermostat. This greatly facilitated the changing of the load (see 
Figure 1). The contact signaling the equilibrium point was made from a 20 
X 0.5 mm. platinum wire (e) dipping in mercury covered with glycerol (f). 

* Reprinted from the Journal of Polymer Science, Vol. 10, No. 5, pages 449-456, May 1953. 
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This system invariably worked successfully in the many measurements carried 
out. The upper roller for the test ring was placed so that it revolved easily on 
two pin screws in order further to equalize the strain. In later work (not de- 
scribed in this paper) the heating lamps in the thermostat were replaced by a 
modified “decade” heater with nichrome wires wound on Eternite plates in 
2 X 500, 2 X 200, 100 and 50-watt units. 

Two 200-watt elements were wound in coils suspended freely in the air for 
the heat-capacity-free automatic temperature control affected with the contact 


thermometer (h). All terminals from the heaters were centralized on a panel 
with an ammeter showing the total heating current and with a switch for each 
heater. Finally, the asbestos insulation of the oven was increased to 30 mm. 
and, by balancing the heating current, a temperature stability was reached with 
a temperature variation of less than +0.1° C at the middle of the strained 
sample and a difference of about 1° C between the lower and upper rollers. 
The measurements might be started immediately after inserting the ring, 
which should be done quickly. The measurements were carried out with rings 
0.85-0.90 mm. thick. The modulus at constant 170 per cent elongation at 
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6 seconds’ time is obtained by interpolation from the load-log time graph. The 
time (4) for the passage of 50 per cent of the load at 6 seconds was recorded 
automatically by means of a synchronized watch stopped by an auxiliary relay 
with impulse from the main signalling system. 


DUMBBELL AND AGING 


Figure 2 shows a new dumbbell type as used in the aging tests. The con- 
cave portions of the outline take the form of arcs of circles. This pattern is 
referred to below as NKT. The samples were placed on aluminum plates with 
slits so arranged that there was an air gap around the narrow part of the dumb- 
bell. At 70° C a simple propeller was used for circulating, and for the test at 
95° C an oven of the same type as the relaxation oven was used. The tempera- 
ture in this case was virtually constant throughout the oven, and the tempera- 
ture variation was less than +0.1° C. The variation at 70° C was +0.5° C. 

From the aging curve (TB-time) a & value for the tensile strengths is com- 
puted chiefly by interpolation between two values neighboring the 50 per cent 
value of the original tensile. According to the shape of the curve, the interpo- 


lation in some cases was done graphically. All measurements were conducted 
with 2-mm. thick dumbbell NKT, except the 5211-14 stocks, which were 
tested as 1-mm. thick specimens. 


RATE OF OXIDATION 


The rate was determined manometrically, using a modified Dufraisse 
method*. The waste from the cutting of the test ring for the SR was used. 
No grinding was performed, in order to avoid introduction of impurities or 
excessive work, as recommended by Stafford and van Amerongen‘. The values 
refer to an oxygen pressure of about 650 mm. Hg, and are expressed as moles 
O; per hour and gram C;Hs, omitting the factor 10-*. 


Stocks 


The compounds representing four characteristic types of acceleration were 
prepared from a common batch having the following composition : 


Smoked sheet EE 1X 100 
Stearic acid 1 
Zinc oxide 10 


Washed whiting (Danish) 106.5 
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Standard portions of the batch were weighed, and the following amounts of 
accelerators and sulfur were added on a mill: 


2 Santocure stock: 1 part accelerator, 1 S. 

2) Boosted thiazole stock: 1.5 part MBT, 0.5 DPG, 18. 
3} Low-sulfur thiuram stock: 2 parts TMT, 0.3 S. 

4) Sulfur-free thiuram stock: 2 parts TMT. 


Santocure, MBT, and DPG from Monsanto, TMT from 
Sharples. ‘Part’? means parts per hundred rubber (PHR). 


The addition of antioxidants and copper (as copper stearate with 10.4 per 
cent copper) is listed in Tables I to III. 


Measurements 


Santocure Stocks.—The vulcanizates containing copper all had a faint green- 
ish tint, indicating that no reaction with the accelerator took place. This was 
expected, as Santocure has the thiol group blocked with cyclohexylamine and, 
therefore, no capacity for the formation of copper salts. From Table I it is 


TaBLe 
Data For SANTOCURE Stocks? 


Co 

No. (PHR) (PHR) 

51 241 Nil Nil 57 18.2 

0.0095 Nil 30 15.6 

0.055 Nil 18 12.5 
51 246 Nil 2 182 95 
247 0.013 2 63 83 
248 0.0665 2 30 62 


« Samples cured for 6 mimutes at 162° C. 

+ Flectol-H (Monsanto) condensation product of acetone and aniline. 
seen that aging at 70° C represents the most sensitive measure of the copper 
inhibition. The relaxation times, however, clearly indicate the effect too. 
The maximal effect is given as the time ratios for 51 246/243 as: 


Aging at 70° C about 10 units 
Relaxation at 121°C about 7.6 units 


It is further interesting to note the shape of the aging curves for tensile 
strengths where compounds 51 247 and 248 containing both antioxidant and 
copper show a period of induction. Next, there is a clear difference between 


TaBLe II 
Data ror MBT-DPG Srocks* 


4 
Aging Relaxation 
Co Flectol-H at 70°, at 121°C. 
No. (PER) (PHR) days min. 
51 249 Nil Nil 35 20.5 
250 0.050 Nil 34 17.40 
251 Nil 2 83 63 
252 0.050 2 58 69 


«Cure: 3 minutes at 152° C. 
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protected and unprotected stocks, indicating the difference in chain mechanism 
for the process. Stocks 51 241, 242 and 243 have similar curves, showing only 
different and increasing strengths of the prooxygenic function. 

Boosted Thiazole Stocks.—For the boosted thiazole systems, copper sensitiv- 
ity is low in the concentration used, certainly due to the ability of the MBT for 
the formation of copper mercaptides. The stocks, however, show no discolor- 


5 days 


Fig. 3. 


ation, but remained faint greenish, as do the Santocure stocks. It is seen that 
the SR times, especially, are almost unaffected by the copper addition. 
Thiuram Stocks—During compounding of the copper stearate, a notabel 
color change took place. When the copper stearate had dispersed, ordinarily 
after 2-3 minutes’ milling at 60° C, the color of the batch turned to a distinct 
brown tone, which deepened on vulcanization. The color was first ascribed 
to the formation of copper dimethyldithiocarbamate (CuDC), but the analysis 
of the isooctane extract of, e.g., 5212 with the Beckman photometer showed 
only a slight displacement of the absorption maximum for zinc dimethyldithio- 
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carbamate (ZDC) toward the maximum of CuDC. (Absorption maxima are 
for ZDC at 258 my and for CuDC at 270 my in 10-5 molar solutions in iso- 
octane.) As pointed out by Jarrijon®, ZDC is the normal reaction product in 
vulcanizates containing tetramethylthiuram disulfide and zinc oxide, and the 
75 per cent yield of ZDC was verified through the extinction values. 

If TMT is heated at the boiling point of isooctane (116° C) with copper 
stearate, the green color turns deep brown. After cooling, a dark precipitate 
is deposited, leaving a clear supernatant liquid, whereas the yellow solution of 
CuDC is stable for several days. 


Tas_e III 
Data ror TururaM, Low-Sutrur Srocxs* 
— Oxidation 
Aging Relaxation rate at 121°C 
Co; Flectol-H at 95° C at 150° C (mole 
No. (@PHR) (PHR) (days) 105 
51 253 Nil Nil 5.4° 7.1 14,300 
254 0.050 Nil 13.9% 62 
51 255 Nil 2 (41°) 38> 2,600 
256 0.050 2 51° 90 2,170 
«Cure: 4 minutes at 162° C. 
> Value obtained graphically. 


The soluble copper in 52 12 (vulcanized) was determined by incineration of 
the acetone extract and polarographing in ammoniacal solution with Tylose as 
depressing agent. It was found that one-third of the copper remained soluble. 
The description of the copper transformations is thus complicated, and a more 
detailed investigation remains. 

We tried, further, to vulcanize a pure-gum stock containing only TMT and 
copper stearate. The brown color was actually developed, but in the absence 
of zine oxide, the vulcanizate was extremely poor. The isooctane extract 


IV 
Data For SutFur-FrREE TururaM Srocks* 
4 | 
Aging Relaxation rate at 119°C 
Copper Flectol-H at 95° at 131° C (mole 
No. (PHR) (PHR) (days) (min.) O2 X 10) 
52 11 Nil Nil 14.9 80 3790 
12 0.050 Nil 32> 349 1810 
52 13 Nil 2 38.5 378 1310 
14 0.050 2 53 537 1010 
* Cure: 12 minutes at 162° C, 
> Value obtained graphically. 


showed only the presence of excessive amounts of TMT; no further information 
regarding the colored copper complex was obtained by this procedure. 

Tables III and IV show the prominent effect of the copper. Particularly 
from the decrease of rate of oxidation, it is seen that the copper exerts a true 
antioxygenic function, and 0.02-0.05 per cent Cu gives the same protection as 
2PHR of the very active antioxidant Flectol-H. The factors of retardation 
are not quite identical, but it is seen that the figures for aging, relaxation, and 
rate of oxidation qualitatively give the same evaluation of the stability of the 
thiuram vulcanizates. The retarding function of the copper might be calculated 
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as the ratios of relaxation times for 51 253/254 and 52 11/12, which gives the 
values of retardation of 4 and 8 units, respectively. 

The function of copper observed here seems to be an interesting example 
of Dufraisse’s ‘‘inverse catalysis’”*, according to which most catalysts of autoxi- 
dation might shift from pro- to antioxidants, depending on the milieu, etc. 

We might finally conclude that copper stearate and TMT form a colored 
complex having a strong chain-breaking capacity. 


SYNOPSIS 


Some details for the construction of a modulus balance and thermostat are 
discussed. A new dumbbell type was developed for aging tests. In four stocks 
containing different accelerators, the function of copper applied as stearate was 
investigated. In the case of Santocure, a comparatively high sensitivity was 
found, and the & (TB) value for aging at 70° C represents a sensitive measure 
of the prooxygenic effect, whereas relaxation times at 121° C showed a smaller 
but definite variation. With MBT boosted with DPG, only a limited effect 
was observed. Conversely, for the thiurams, copper addition produced a 
marked antioxidant effect, comparable with the retardation normally effected 
by 2PHR of ordinary antioxidants. 0.05 per cent copper showed an anti- 
oxidant activity equivalent to the 2PHR antioxidant. Consistent results were 
obtained for aging, relaxation, and rate of oxidation. The factors of retarda- 
tion, as might be expected, however, are not quite comparable. The factor of 
retardation for copper alone is 4-8 units. The copper develops in the thiuram 
vulcanizates a strong brown color, giving colored solutions on extraction with 
acetone and isooctane. As the spectrophotometric determination of the colored 


complex is difficult, owing to the presence of the strong absorbing ZDC, the 
nature of the colored complex has not yet been ascertained, but it must some- 
how be responsible for the inverted action of copper found here. 
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THE DISSOLUTION OF VULCANIZED RUBBERS AND 
ITS BEARING ON PROBLEMS OF RUBBER ANALYSIS * 


W. C. Wake 


Resgarca Associaton oF British MANUFACTURERS, 
SHawsoury, SHROPSHIRE, ENGLAND 


INTRODUCTION 


Dissolution of a sample of vulcanized rubber is a necessary preliminary to 
several analytical procedures, e.g., the determination of iodine value or total 
fillers?. If an infallible and convenient agent were available for this process, 
then doubtless other analytical procedures would be possible of development or 
improvement and examination of infrared transmission spectra of vulcanized 
samples would prove a feasible means of identification. Although decalin and 
nitrobenzene have been widely and satisfactorily used for natural rubber (poly- 
isoprene), there have been several references in the literature to difficulties en- 
countered with the most widely used synthetic rubber, GR-S. Devices to 
overcome these difficulties include comminution on a roller mill, swelling the 
sample in strong swelling agents before transferring to the solvent to be used for 
the dissolution, and grinding on a rubber mill with a plasticizer. All these 
must be regarded as being of the nature of palliatives, knowledge of the nature 


of the dissolution process being the real need before the best condition for carry- 
ing it out can be decided on. It is shown in this paper that the process is es- 
sentially oxidative in nature and, provided that the solvent and rubber are 
miscible at the temperature of the dissolution, temperature and efficient aera- 
tion are the most important rate-determining factors. The nature of the solv- 
ent is, of course, of importance with respect to the analytic procedure attempted 
as all solvents are not suitable for iodine value determination. 


THE RATE OF DISSOLUTION IN VARIOUS SOLVENTS 


The rate of dissolution was measured by heating the samples, cut into small 
cubes of about 1 to 2 mm. side with an excess of the solvent for fixed periods of 
time, and then recovering the samples, extracting them with acetone to remove 
the high boiling-point solvent, and then drying, the loss in dry weight before 
and after giving the desired information. The samples were ordinary vul- 
canized compounds of commerce, and contained, among other compounding 
ingredients, about 50 parts by weight of carbon black on 100 parts of the rub- 
ber. The apparatus used consisted of large boiling tubes 7 by 1} inches, 
3 inches of which were immersed initially in an electrically heated oil bath with 
thermostatic control at suitable temperatures, recorded later. Later it was 
found necessary to use gas heating, and control was provided by a regulator of 
the usual type, but filled with a silicone fluid as the temperature range required 
(150° to 173° C) was too high for toluene. It may be noted in passing that this 
regulator was entirely satisfactory in use when once the silicone fluid had been 

* Rewsioted from the Proceedings of the XIth Sriaeetions Congress of Pure and Applied Chemistry, Vol. 


365-371 Geesesaion: Althoug Congress was held in London in 1947, at which this was 
Silas ings were not published until 1953. 
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degassed. The tubes were closed with a cork carrying a gas inlet tube and an 
air condenser. About 70 cc. of the high-boiling solvent were used and 0.2 gram 
of the rubber. Excess of air was provided by passing through the liquid a 
brisk stream, the rate of which was adjusted by reference to a bubbler tube 
containing the same solvent as that being investigated, except in the case of 
p-dichlorobenzene, when a saturated solution of calcium chloride was used fol- 
lowed by a drying tube of solid anhydrous calcium chloride. The flow of the 
air stream was adjusted to be the same in all cases, but the actual rate of flow 
was not measured. It was, however, of the order of 0.25 liters per minute. 
In the initial stages of dissolution there is no loss of fillers (carbon black is very 
easily seen dispersed in solvent, even when present in amounts which are 
analytically negligible). 

There are two ways in which dissolution of samples of the size used could 
occur. The dissolution could proceed at the interface, in which case, for a 
constant rate of penetration from each of the surfaces, the loss of volume is 
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directly proportional to the time if the rate of penetration is small and if second- 
order small quantities are neglected. The dissolution could also proceed 
throughout the mass of the cube, which becomes highly swollen within a 
minute of being in the hot solvent. In this case we might expect the reaction 
to be unimolecular with respect to the polymer. The latter is actually the inter- 
pretation used, since losses by weight of up to 10 and 15 per cent of polymer can 
occur before any dispersion of carbon black is detectable; and if the log of the 
weight of polymer remaining undissolved at any instant is plotted against time, 
a linear relationship is obtained in almost all cases until carbon black begins to 
be dispersed when, of course, the curve swings completely away from linearity. 
If the surface area played any large part in rate determination then, if for a 
total weight of W there are n similar particles, the area available will be pro- 
portional to nt x W!. In all cases the number of particles used, as well as the 
weight, were recorded, and it was found that correction of loss rates to a stand- 
ard area did not reduce the spread of experimental points. Undoubtedly with 
considerably larger particles, either attack from the outer zones, or else rate of 
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diffusion of dissolved polymer from the center of the swollen mass would prove 
a rate-determining factor, but the evidence indicates that it could be neglected 
in interpreting these experiments. Figure 1 shows a typical log plot of results 
obtained, in this case for natural rubber and for GR-S in p-dichlorobenzene. 
The work started with an examination of the dissolution of GR-S in p-di- 
chlorobenzene, since this solvent is recommended for the purpose! in order to 
permit subsequent determination of iodine value as a method for estimating 
GR-S rubber in vulcanizates. Complete dissolution of GR-S occurred in about 
1 to 2 hours, dispersion of black being noticeable after about 40 minutes. 
These experiments were repeated in a stream of oxygen-free nitrogen instead of 
air, and no dissolution was apparent after 2} hours heating at 180° C. With 
decalin as solvent and oxygen-free nitrogen, 1 per cent was dissolved in 23 hours, 
whereas with air dissolution is almost complete in } hour. It may be noted 
here that the rubbers were not degassed, and there is room for doubt as to 
whether all traces of oxygen had been removed from the nitrogen. Experi- 
ments with nitrobenzene were less satisfactory because of this uncertainty, and 
time has not permitted their replication. It is apparent, however, that, for 
dissolution at appreciable rates, oxygen is needed. The rate constants cal- 


TABLE 1 
Rate CONSTANTS FOR THE DiIssoLUTION PROCESS 


p-Dichloro- a-Nitro- 
Temp. benzene Nitrobenzene Decalin p-Cymene naphthalene 


150° 5 
165° x 
bx 


173° 
7 


150° 
165° 
173° 
culated as for a pseudo-unimolecular reaction for the initial stages of the dis- 
solution, i.e., the linear parts of the curves, are given in Table 1. 

It is immediately seen that the rate of dissolution of a given rubber is only 
varied by a factor of a few units in the change from one solvent to another, but 
there are changes of ten-fold and more between one rubber and another in the 
same solvent. 
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HEAT OF DISSOLUTION 


Figure 2 shows the log (rate constant of dissolution) plotted against the 
reciprocal of the absolute temperature. With the exception of natural rubber 
in decalin, the plots are reasonably linear, and it is possible to estimate the heat 
of dissolution from the graphs. It is emphasized, however, that experimental 
accuracy and the number of points on the curves are insufficient to calculate 
properly the heat of dissolution, and the figures are offered to assist qualitative 
discussion only. They are indicated in the diagram. 

The overall energy of activation as measured reflects the overall effect of the 
several reactions that are included in the terms, oxidation and chain scission. 
Other terms which might be included are either constant or negligible, or may 
be included as part of the sum total of the oxidative process. The heat of mix- 
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ing of polymer and solvent is proportional to V,*, where V, is the volume frac- 
tion of the rubber and may be ignored, since, for complete dissolution, there is 
only 0.2 gram of rubber dissolved in 70 cc. of solvent, the volume fraction of 
rubber being very small. There is evidence that the heats of solution of oxygen 
in the solvents do not differ appreciably* and, in any case, the volume fraction 
will be small. This, of course, will not apply to solvents such as decalin and 
p-cymene, which form peroxides. In these cases, such reaction of oxygen and 
solvent, if it influences the dissolution reaction at all, will form part of the 
series of oxidative reactions leading to chain scission. It is noteworthy that the 
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slower reactions have, in general, lower activation energies, and this of itself 
points to complexity of the process. 


INTERACTION OF POLYMER AND SOLVENT 


Although the volume fraction of rubber is sufficiently small for the heat of 
mixing of polymer and solvent to be ignored, it does not follow that the solvent 
plays little or no part in the process. There are two conditions involving the 
polymer and solvent. The first is that they must be miscible at the tempera- 
ture of the dissolution; and the second that the vulcanized polymer must be 
sufficiently swollen in the solvent to facilitate the inward diffusion of oxygen 
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and the outward diffusion of dissolved polymer. It is also preferable that 
solvent and polymer are miscible at room temperature, although this is not 
essential, since a second solvent of lower boiling point can be added during the 
cooling. This is done, in fact, with p-dichlorobenzene, which solidifies above 
room temperatures. 

We may now consider how the two necessary conditions are fulfilled in the 
solvents investigated. 

It has been shown‘ that the heat of solution of a rubber may be regarded as 
the heat of two liquids, which is given by: 


Eo E, |? 
te = 4) | 


where the subscripts refer to the two liquids or to liquid and rubber; V is the 
molar volume; E is the energy of evaporation, the combination E/V usually 
being referred to as the “cohesive energy density’’, which can be estimated for 
rubbers, although the constituents Z and V cannot. Vo is the volume fraction 
(of solvent) and k is a constant which we may take as being of the order of unity. 
The heats of mixing of rubber and solvent calculated from this are given in 
Table 2 for these systems where the dissolution data are complete. They may 
be taken as sufficiently good to indicate the relative position of the rubbers 


TABLE 2 


CALCULATED VALUES OF 


Natural rubber 
GR-S 
Buty] rubber 


with respect to a given solvent, but not as between solvents, since no correcting 
term has been incorporated for the polar groups of p-dichlorobenzene, nitro- 
benzene, etc. 

With the exception of natural rubber and decalin, all systems in Table 2 
show positive heats of solution, suggesting that there is a limited solubility and 
a temperature below which the two components separate as two phases. In the 
case of Butyl rubber and nitrobenzene, this temperature is well above room 
temperature, and points to the desirability of using other solvents for this 
rubber, even if rubber and solvent are miscible at the temperature of 
dissolution. 

The swelling of the vulcanized polymer, before dissolution has occurred, is a 
function of an expression similar to that for the heat of mixing and is actually a 


E E, 
maximum as| approaches zero. It follows that swelling is a 


function which varies inversely to the figures in Table 2. It may also be noted 
at this point that swelling increases as dissolution proceeds, as of course, is 
expected as chain scission occurs. Swelling, as a percentage increase in weight, 
is recorded in Table 3 at 173° C and at room temperature for those solvents 
liquid at room temperature. The figures given are the means of duplicate 
results rounded to the nearest 5 percent. The values were obtained after three 
minutes at the high temperature and are calculated on the weight of polymer 
remaining at the end of this period. 
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3 

SwELuinc or VULCANIZED RusBBERS IN DissoLuTION SOLVENTS 
p-Dichloro- Nitro- 

benzene benzene 


Temp. p-Cymene 
210 160 150° 140 
— 125 room 140 


170 150° 120 
125 


220 
— room 120 
Butyl 280 55 150° 85 
Butyl — 25 room 80 
Comparison of this table with Table 1 shows that there is no direct correla- 
tion between swelling and rate of dissolution. The point will be returned to 
later in the next section of this paper. 


THE GENERAL THEORY OF DISSOLUTION 
OF VULCANIZED RUBBERS 


A theory has been advanced‘ that the dissolution of gels in high boiling-point 
solvents is due to disruption of chemical bonds by swelling forces. It is shown 
that this leads to the concept of a definite temperature at which the swollen gel 
will be completely disrupted by the swelling pressure of the solvent, and it 
follows that the temperature will vary with the degree of swelling, decreasing 
with increased swelling; and will, therefore, depend on the nature of the poly- 
mer-solvent interaction. In the work now reported, no examination of dis- 
solution below temperatures of 150° C has been made, and the question of a 
definite temperature of dissolution remains open. It is, however, quite certain 
that, at the rates here reported, oxygen is an essential intermediary, but this 
does not rule out the possibility that the process is essentially as predicted 
theoretically by Tobolsky‘, or that a second, much slower, process of that type 
does not go on in the absence of oxygen. 

An alternative approach to an explanation of the process is regarded as 
more in accord with the experimental evidence. This indicates that scission is 
contingent upon oxidation. This is probably the rate-determining process. 
Butyl rubber, where the possibility of reaction with oxygen is much reduced by 
the relative infrequency of double bonds, reacts most slowly. The chain of 
reactions comprising the oxidative process in these materials is such that after 
chain scission, rejoining of the severed ends with some other molecule or part 
of molecule is likely, and also oxygen can play a dual role and act as a cross- 
linking agent as well as a chain-scission agent. The net effect will depend on 
circumstances favoring one type of reaction at the expense of the other. Ina 
solvent favoring dissolution, solvation of the severed portion of a molecule re- 
duces the probability of recombination and favors the scission process. Dis- 
solution occurs after scission if the rubber and solvent mix. 

With this picture of the process, the swelling of the dissolved polymer is not 
a necessary cause of scission, but arises from the same cause that scission is 
followed by dissolution; namely, that the polymer and solvent are miscible— 
equally well, whether vulcanized or unvulcanized. The “force’’ of swelling is 
not the cause of dissolution, and the amount of swelling is not correlated with 
the rate of dissolution. 


SPECIFIC APPLICATIONS TO ANALYTICAL PRACTICE 


We are now in a position to formulate the desirable features for any pro- 
cedure for the dissolution of vulcanized material. The solvent chosen should 
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be one that is completely miscible with the polymer at the temperature of dis- 
solution and also at much lower temperatures, if not at room temperatures. It 
is convenient to boil liquids under reflux instead of using baths at fixed tem- 
peratures, and since the boiling point is the highest temperature easily obtain- 
able, a liquid with as high a boiling point as possible should be used. Air 
should be bubbled through the solution as it boils. The importance of ade- 
quate aeration is particularly noticeable in the case of GR-S. If air is ex- 
cluded, and displacement of air from the vessel used by the boiling vapors seems 
adequate to exclude air, then continued heating does not result in dissolution, 
and further, subsequent aeration produces dissolution only at a very slow rate. 
This would appear to be an example of the well-known cross-linking of GR-S 
on heating in the absence of air, and prepared samples of cyclised material do 
show a much reduced rate of dissolution. Inefficient aeration at the commence- 
ment of the procedure may result in six or more hours being required to produce 
the dissolution of GR-S in p-dichlorobenzene, even when the efficiency of the 
aeration is increased after the commencement. Given efficient aeration and 
miscibility of solvent the rate is largely a function of the rubber, and the tem- 
perature and alteration of solvent does not much influence the rate at a given 
temperature. There is a gain, therefore, in using the solvent of highest boiling 
point and this is the reason for their use, the rate being extremely slow for 
temperatures below 100° C. Extrapolation of Figure 2 below 100° C indicates 
a decrease of rates by factors of between 100 and 1,000. The suggested use of 
a-nitronaphthalene, with a boiling point of 305° C, is valuable, although its 
cost may lead to its use being confined to the micro-scale. 

For iodine value determination, it is essential to use an aromatic compound 
with one or more electronegative groups in the nucleus. It is fortunate, there- 
fore, that both polar and nonpolar rubbers are soluble in p-dichlorobenzene, 
which is eminently suitable for this purpose, although it is, of course, necessary 
to add a second solvent after the dissolution has been completed. 

The determination of cellulose content of proofed fabrics or rubber-contain- 
ing cellulose ; e.g., whole-tire reclaim, is frequently carried out by the dissolution 
of the rubber, followed by filtration. The cellulose remains with the total 
fillers and is determined by acetylation. In view of the rigorous conditions of 
the dissolution and of its oxidative nature, degradation of the cellulose must 
occur and considerable error result from losses. 95 per cent of pure cellulose 
was recovered after treatment corresponding to the dissolution conditions and, 
until a better procedure is available, it should be remembered that results of 
cellulose content obtained must be on the low side by amounts of the order of 
5 per cent of that present. In the case of a reclaim, where the cellulose is al- 
ready degraded, the error is probably greater. 
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A NEW GRAVITOMETER * 


E. F. Linnorst 
Untrep Srares Russer Co., Fort Warne Piant, Fort Warne, INDIANA 
Several months ago the Fort Wayne Plant of the United States Rubber 


Company began to use a new Jolly type of balance for determining the specific 
gravity of cured rubber. As shown in Figure 1, the apparatus employs two 


springs whose lower ends are joined to a metal rod that supports a moving scale 
V. Astationary scale A is placed parallel to thescale V. By using two springs 
instead of one, it is easier to bring the two scales close together. 


* Reprinted from the Review of Scientific Instruments, Vol. 23, No. 4, page 190, April 1952. 
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When one places a test sample in a holder at the lower end of scale V, the 
weight of the sample in air appears on scale A opposite the zero mark of scale 
V. A movable indicator preserves this reading on scale A. Raising a beaker 
of water up around the sample raises the V scale until the volume of the sample 
appears on the V scale under the indicator, which is a thin blade of metal. A 
slide rule division of the A-scale reading by the V-scale reading gives the specific 
gravity of the sample. Specific gravities so determined usually agree within 0.5 
per cent of those obtained with an analytical balance. 
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Fig. 2.—Schematic drawing of gravitometer. 


The relative accuracy obtained with two springs is essentially equal to that 
obtained with one spring. Any choice of springs as to elastic rate or load- 
carrying capacity will depend on the order of magnitude of the weight of the 
sample. 

Test samples in a rubber millroom control laboratory usually have nearly 
all the same shape and volume, such as a } X 2 X 2 in. rectangular parallele- 
piped. With this condition the gravitometer can approach being direct read- 
ing on a specially constructed scale, shown schematically in Figure 2. The 
“tentative specific gravity” scale gives the correct reading if the sample has the 
average volume of such samples on which the scale is based. Immersing the 
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sample in water usually reveals that the volume does not have the average 
value and that one must add or subtract a small correction in the second decimal 
place of the tentative specific gravity. The operator can do this mentally with 
or without using the indicator. 

The new gravitometer has thus reached a point in its development where its 
speed and accuracy make it ideal for a routine testing laboratory. 

The gravitometer has replaced a series of glass jars containing solutions of 
zinc chloride of graduated densities. The buoyancy of a rubber sample in these 
solutions yields an estimate of its specific gravity. These solutions require 
frequent readjustment of their densities which one can avoid with the new 
apparatus. 
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A SIMPLE COMPRESSION PLASTOMETER * 


E. F. Linnorst 


Unrrep States Ruspper Co., Forr Wayne, INDIANA 


A new design of a compression plastometer has recently come into use in the 
Fort Wayne, Ind., plant of United States Rubber Co. The plastometer is used 
to obtain a measure of the ability of uncured rubber to flow during molding 
processes. 

The apparatus, shown in the accompanying illustration, has two springs that 
exert a nearly constant force of eight pounds on a sample of uncured rubber held 
between two round platens, each }-inch in diameter. A dial gage indicates in 
mils the thickness of the rubber sample remaining between the platens at any 


A Simple Compression Plastometer 


* Reprinted from the India Rubber World, Vol. 128, No. 5, page 626, August 1953. 
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time after the test has been started. The sample is originally a disk ;-inch in 
diameter and about 0.090-inch thick. 

In running the test, the operator places the rubber sample between two 
400-mesh waterproof emery paper disks §-inch in diameter, to prevent slippage, 
and inserts the resulting sandwich between the platens. The dial of the gage 
is adjusted so that it shows a zero reading when the two disks of emery paper 
are placed between the platens, and thereafter the gage indicates the thickness 
of the rubber sample alone. A }-inch round crossbar that passes through a 
}-inch spring-actuated plunger rod enables the operator to separate the platens 
with index and middle finger while pressing with his thumb on the top of the 
frame of the plastometer. As soon as the sample has been inserted and the 
pressure applied, the operator immerses the lower end of the plastometer to a 
depth of about five inches in a bath of glycerol or some other suitable liquid 
held at a proper temperature, which may be 250° F, and thermostatically con- 
trolled. The sample quickly softens and flows out between the platens, de- 
creasing in thickness until initial curing or scorching stops the flow. In rapidly 
curing stocks the thickness usually approaches a constant value of about 10 to 
30 mils in less than 15 minutes at 250° F. 

The measurement to be used for comparison purposes may be the thickness 
reached in a given time or the time required to reach a certain thickness. A 
particular stock used in a particular mold may have a critical five-minute plas- 
tometer reading below which it molds well and above which it does not. The 
test with this plastometer provides, therefore, a relatively simple, rapid, and 
accurate test for predetermining the moldability of a batch of uncured rubber 
stock. 

By a change in the temperature at which the test is run, or in the pressure 
between the platens, the apparatus can be adapted for the testing of relatively 
soft or hard materials. Thus an informative test can be made on a sample of 
uncured sponge rubber at room temperature in five minutes. The plastometer 
has also been used to give useful data on the hardness of such plastics as the 
cellulose esters. 
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NOTE ON THE ADJUSTMENT OF MOONEY 
VISCOMETER DIE CLOSURE * 


Grorce E. DEcKER 


Russer Secrion, Nationa, Bureau or Stanparps, Wasntneton, D. C. 


During the past ten years, considerable progress has been made in standard- 
izing the Mooney viscometer and in improving the reproducibility of measure- 
ments from one instrument to another. The method for adjusting the viscom- 
eter die closure developed by Taylor! was a major contribution in this respect. 
In this procedure the die closure adjustment is obtained by setting a specified 
distance between the mating surfaces of the die holders with feeler gauges and 
then turning the top guide rod nuts down 7; turn to obtain the desired pressure 
between the die holders. The chief disadvantages of this procedure are: (1) 
the yy turn of the guide rod nuts must be estimated by the operator; (2) the 
guide rods move sideways in the holes in the bridge when the nuts are loosened, 
and (3) the threads on the guide rods are not uniform. A modified procedure 
providing a more accurate and reproducible adjustment is described. 

This procedure uses a special cylindrical gauge block (a in Figure 1) to re- 
place the lower die during the operation of setting the distance between the 
mating surfaces of the die holders. Since the gauge block is 0.008 inch thinner 
than the lower die at the shoulder, adjustment of the die closure by this method 
will produce a total deformation of 0.004 to 0.006 inch in the various members 


b 
Fie. 1.—Gauge blocks for use in adjusting Mooney viscometer die closure. 
(a) For use with two-piece die and die holder. (b) For use with integral die and die holder. 


* Reprinted from the ASTM Bulletin, No. 195, 51-52(TP13-14), Jan 1954. This work was 
research project sponsored by the i nd 


ed as of the Reconstruction Finance Corpora’ Office of 
thetic FF a in connection with the Government synthetic-rubber program. — 
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of the linkage, as recommended by Taylor'. When this method of die closure 
is used in connection with the integral die and die holders; which are described 
elsewhere’, the integral gauge block illustrated at } in Figure 1 is used. 

Use of this procedure at the National Bureau of Standards and in the Govern- 
ment synthetic rubber plants during the past two and one-half years has re- 
sulted in considerable improvement in the accuracy and reproducibility in 
die-closure adjustments. 


ADJUSTMENT OF DIE CLOSURE 
The improved procedure is as follows: 


1. Make sure that the dies and die holders are clean and properly installed 
and the temperature of the viscometer is at 212° F. Adjust the bridge so that 
it is parallel with the top platen and align the linkage so that all the pins are on 
a common centerline when the viscometer is closed. 

2. Remove the lower die and replace it with one of the gauge blocks shown 
in Figure 1. Care should be exercised in tightening the cap screws in order 
that the die holder is not deformed by having one screw tighter than another 
or by having all the screws too tight. 

3. Place four coil springs between the platens, one at each corner. These 
springs should have a free length of 2} inches, a minimum deflection of 1} 
inches, a spring constant of about 130 Ib. per in., and have flat and ground ends. 
Suitable springs having a j-inch pitch can be made by winding }-inch spring 
wire on a 0.66-inch diameter mandrel. 

4. Lower the top platen with the springs in place and measure the distance 
between the mating surfaces of the die holders. This distance should be such 
that a 0.002-inch feeler gauge can be inserted between the mating surfaces of 
the die holders at some one point, but so that a 0.004-inch feeler gauge cannot be 
inserted between the mating surfaces of the die holders at any point. If this 
spacing is not correct, the top platen should be raised and the height of the 
bridge adjusted by turning the nuts on both guide rods the same amount in the 
desired direction. Lower the top platen and recheck the spacing between the 
die holders. The nuts on the guide rods must be securely locked when these 
measurements are made. They should not be loosened after the proper adjust- 
ment has been obtained. 

. 5. Remove gauge block and replace lower die. With the rotor in place and 
the motor running, tighten cap screws (observing the precaution given in step 
2). If the lower die is one which does not have the rubber washer, and the 
fluctuation of the dial gauge is increased when the cap screws are tightened, the 
die should be shifted to a position at which the periodic fluctuations are not in- 
creased when the cap screws are tightened. 

6. Make a pattern of the die closure by closing the machine after placing a 
piece of thin (not thicker than 0.0015 inch) soft tissue paper between the dies. 
If a continuous pattern of uniform intensity is not obtained, one of the follow- 
ing items may be at fault: (1) the die holder may be cocked or deformed due 
to uneven tightness of the screws, (2) the lip of die holder may be worn, or (3) 
one or more of the dies or die holders may not meet the specified dimensional 
tolerances. 

7. If it is necessary to change the position of either die holder or to replace 
any of the parts in order to obtain a desired die pattern, the die closure should 
be readjusted. 

REFERENCES 
1 Taylor, India Rubber World 112, 582 (1945); National B of Standards, Circular C451 (1945); 


Rusper Cuemistry & 19, 808 (1946). 
2 Decker and Roth, India Rubber World 128, 339 (1953). 
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third studied to that level. 


Associateship Course for Graduates 
One year full-time course 


L.LR.I. 
One-year intensive full-time course for those at ordinary G.C.E. level oe 


qualify for a position of subordinate responsibility in the rubber industry. ic- 
cess in this course also qualifies f 
Research Courses 
aoarey | ified rubber technol or specialized co 
ing 10 Fellowshi ips of the Nation College CER 


Prospectus, egies 4 details of Scholarships and all full-time, 
part-time and evening courses, free on application. 


ADVERTISE zm 


RUBBER CHEMISTRY 
AND TECHNOLOGY 


KEEP YOUR NAME AND YOUR 
PRODUCTS CONSTANTLY BEFORE 
THE RUBBER TECHNOLOGIST 


Advertising rates and information about 
available locations may be obtained from 
E. Advertising Manager, Rub- 
ber C were Ao Technology, care of E. I. 
du Pont de Nemours & Company, 40 East 
Buchtel Ave. at S. High St., Akron 8, Ohio. 
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News about 


B. FE. Goodrich Chemical 


Special Purpose Materials 
That Help Rubber Compounders 


HE materials listed here 

supplement the well-known 
Hycar nitrile rubbers and offer 
many advantages in developing 
and improving compounds for 
specific applications. Check 
them over, and write for technical 
information on your require- 


ments. We’ll help you select the 
material best suited to your needs. 
Please address Dept. HD-2, 
B. F. Goodrich Chemical Com- 
pany, Rose Building, Cleveland 
15, O. Cable address: Good- 
chemco. In Canada: Kitchener, 
Ontario. 


Polyacrylic acid ester—Excellent high temperature air and oil resistance. Used 
where air and hot oil resistance at temperatures above 300° F. are needed; 
ozone, light and flex resistant applications. 


A liquid nitrile copolymer—Excellent non-migrating, non-extractable, non- 
volatile polymeric-type plasticizer for rubber and plastic compounds. Useful in 
nitrile rubber sponge, friction compounds and for tackifying in roll building 
operations; in vinyl plastisol compounding; in modification of liquid phenolics 
and phenolic solutions. 


High acrylonitrile copolymer—Finely divided, non-soluble powder. Used in 
modification of phenolic and melamine resins; blends with other Hycar rubbers 
for improved smoothness of extrusions and calendered goods. 


Styrene copolymer—Oil soluble, with high electrical properties. Used in electrical 
applications; binder for grinding and cut-off wheels; special adhesives. 


High styrene copolymer—White, free-flowing powder. Reinforcing and process- 
ing aid for use with GR-S and other rubbers. Used in shoe soles, floor tiling, ex- 
trusions, rolls, golf ball covers, and other high Durometer applications. 


Retarder activator—Free-flowing flake. For crude, GR-S and nitrile rubber stocks. 
Prevents scorching at processing temperatures the year ‘round. Safe processing 
with no sacrifice of rate of cure. Beneficial to heavy-loaded or highly-accelerat- 
ed compounds; particularly effective with high abrasion furnace blacks. 


VULTROL 


B. F.Goodrich Chemical Company 


A Division of The B. F. Goodrich Company 


GEON polyviny! materials » HYCAR American rubber * GOOD-RITE chemicals and plasticizers * HARMON colors 
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PICK ONE... for better Non-Black compounding ! 


® If you have a problem in compounding non- 
HI-SIL black natural or synthetic rubber stocks, try 
Columbia-Southern’s Hi-Sil. 

Hi-Sil has proved itself outstanding to many 

101 compounders through improved performance, 
superior results, and lowered volume cost. 

202 There are three members in Columbia- 

Southern’s Hi-Sil group: Hi-Sil 101, Hi-Sil 202, 

X303 Hi-Sil X303. The physical properties of each 


HI-Sit, onexclusive Columbia.  Vaty Slightly to emphasize different character- 


Southern reinforcing pigment, icti i i i 
tne? There is one ideally suited for you and 
tremely fine particle size. your problems. Write today for complete data. 


COLUMBIA-SOUTHERN 
CHEMICAL CORPORATION 


SUBSIDIARY OF PITTSBURGH PLATE GLASS COMPANY 
OWE GATEWAY CENTER PITTSBURGH PENNSYLVANIA 


VULCANOL’ 


Latex Compounds of Proven Quality 


VULCACURE’ 


AQUEOUS SUSPENSIONS OF ULTRA ACCELERATORS 


VULCACURE ZM VULCACURE ZE 
50% Zinc Dimethyldithiocarbamate 50% Zinc Diethyldithiocarbamate 


VULCACURE ZB VULCACURE NB 
50% Zinc Dibutyldithiocarbamate 47% Sodium Dibutyldithiocarb 


ALCOGUM 


Sodium Polyacrylate Latex Thickener and Stabilizer 


VULCARITE’ 


A Series of Water Dispersions of Latex Compounding Chemicals 
® 
Technical information and samples forwarded promptly upon request. 


ALCO OIL & CHEMICAL CORP." 
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ACCELERATORS 
PLASTICIZERS 
ANTIOXIDANTS 


The C.P. Hall G. 


CHEMICAL MANUFACTURERS: 


STAMFORD “FACTICE” 
VULCANIZED OIL THe BE SAY 00 


(Reg. U. 8. Pat. Off.) 


Our products are engineered to fill every need in 
thetic rubber compounding wherever the use of vulcanized 
is in 

We point with pride to a complete line of solid Brown, White, ‘“‘Neo- 
use in their appropriate compounds. 

Continuing research and development in our labora‘ and rigid produc- 

The services of our laboratory are at your disposal in solving your com- 


THE STAMFORD RUBBER SUPPLY COMPANY 


STAMFORD, CONNECTICUT 


Manufacturers of “Factice” Brand Vulcanized Oil 
Since 1900 


ut €Complole 
@ AKRON, OHIO © LOS ANGELES, CALIF. © CHICAGO, ILL. © NEWARK, N. J. 
| | 
| 
| | 
| 
fy 
| 
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| 
| 
| 
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Now Available— 
1953-54 Edition of 


RUBBER RED BOOK 


Directory of the Rubber Industry 


Ninth Issue — 1200 Pages 
Completely Revised and Up-to-Date 


PRICE: $10.00* Postpaid in All Countries 


Second Edition of 


LATEX INDUSTRY 


By ROYCE J. NOBLE, Ph.D. 


912 Pages © 6x9Q9Inches © 25 Chapters 
Bibliography © Authorindex © Subject Index 
PRICE: $15.00* Postpaid in U. S. 

$16.00 Postpaid in All Other Countries 


(*) Add 3% Sales Tax for Copies 
to New York City Addresses 


Published by 


RUBBER AGE 


250 West 57th St. New York 19, N. Y. 
CADMAS SCAM SCAM 
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This is the main point... 
make a factory test with 


ST. JOE coated ZnO 


BLACK LABE 


The monomolecular film of hydrophobic, high molecular weight organic ester on St. Joe's coated 
zinc oxide has a more positive charge than that of rubber. Thus, the rubber has a greater 
affinity for St. Joe’s coated zinc oxide than for an uncoated pigment with consequent reduc- 
tion in incorporation time. The repelling force of the positively charged film on the zinc 
oxide particles themselves gives improved dispersion in less time by preventing agglomeration. 


ST. JOSEPH LEAD COMPANY 
250 Park Avenue, New York 17 
Plant Laboratory: Monaca (Josephtown) Pa. 
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ANTIMONY SULPHIDE 
Regular Grades for Attractive Color 
Also 


A special grade for obtaining colored 
stocks having high abrasion resistance 


RARE METAL PRODUCTS CO. ATGLEN, PENNA. 


SUPERIOR ZINC CORPORATION 
121 North Broad Street Philadelphia 7, Penna. 


Works at Bristol, Pa. 


VULCANIZED VEGETABLE OILS 
e RUBBER SUBSTITUTES « 


\ 
CARTER BELL PRODUCT: 


REPRESENTED BY 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicago — Denver — Los Angeles 
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“DID YOU KNOW THERE'S A LOW COST 
SCOTT ‘TESTER FOR RUBBER ? ? 


LP Tensile Tester is 
reap wholly adequate for 
a a wide range of purposes. 


WHERE THE LP 
IS APPLICABLE— 


This low-cost tester for rubber fulfills 
ASTM, Government and UL requirements. 
It is supplied as a single-purpose machine 
with one speed, one pair of clamps and a 
single capacity. In ordering, you have a 
choice of various capacities up to 200 Ibs. 
or 68 kilograms. It can be furnished with 
spark recorder, and has quick-return mov- 
ing clamp. Speed of pull is 20” per minute. 


ALSO—MODEL L-5—FOR 
MORE INVOLVED PROBLEMS 


Model L-5 is a heavier, much more versatile tensile tester, which can be 
operated at a wide range of speeds, is adjustable for various capacities 
up to 500 Ibs. or 136 kilograms tensile, and can use various clamps inter- 
changeably. This is the machine to order for detailed information on a 
variety of elastomeric evaluation problems. Computes tensile strength per 
cross section area, and elongation percent. 


LP 


Request Catalog Data 
SCOTT TESTERS, ING, 
Scot Testers — Standard of the Wasld 
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WHITETEX 


A new white and bright pigment for 
rubber, synthetic rubber or plastics, 
especially vinyls. 


BUCA 


A proved pigment for compounding ALL 
types of natural and synthetic rubber. 


For compoundi 
rubber. 


No. 33 CLAY 


For wire and vinyl compounding. 


For full details, write our 
Technical Service Dept. 


SOUTHERN CLAYS, INC. 


(Formerly P. W. Martin Gordon Clays, Inc.) 
33 Rector Street * New York 6, N.Y. 
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Ready Now! 


MACHINERY and EQUIPMENT 
for 
RUBBER and PLASTICS 


VOLUME I 
PRIMARY MACHINERY AND EQUIPMENT 


The only book of its kind ever offered to the Rubber and Plastics 
Industries and the first to be published since Pearson’s “Rubber 
Machinery” in 1915. Compiled by Robert G. Seaman and Arthur 
M. Merrill, the present Editors of India RUBBER WORLD, with the 
cooperation of an Editorial Advisory Board of experts in their re- 
spective fields. Each chapter is preceded by an article written by 
recognized authorities on the equipment, its purposes for specific 
products, and best method of using it. 


Volume | has over 800 pages of editorial content with authorita- 
tive descriptions for each machine classification: Types, Specifica- 
tions, Design Features, Operation, and Applications, as well as 
names and addresses of the manufacturers or suppliers. More than 
300 illustrations. Cloth-bound for permanence. 


Send for free copy of complete prospectus. 


Volume I—$15.00 Postpaid in U. S. A. 
$16.00 Elsewhere 


Volume !|—Supplementary Machinery and Equipment, is now in 
preparation and will be published in the near future. 


RUBBER WORLD 


386 FOURTH AVENUE NEW YORK 16, N. Y. 
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To the 
Rubber Industry! ~ ~ ~ 


This Journal is supported by advertising 
from leading suppliers to the industry. More 
advertising will permit the publication of a 
greater number of important technical papers 
on rubber which will make RUBBER CHEM- 
ISTRY AND TECHNOLOGY even more valu- 
able as a convenient reference of ‘‘ Rubberana.’’ 


Specify materials from suppliers listed on 
page 30. Urge other suppliers to advertise in 


RUBBER CHEMISTRY AND 
TECHNOLOGY 


Advertising rates and information about 
available locations may be obtained from 
K. H. Krismann, Advertising Manager, Rubber 
Chemistry and Technology, c/o E. I. du Pont de 
Nemours & Company, 40 E. Buchtel Ave. at 
High Street, Akron 8, Ohio. 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


Alco Oil and Chemical Corp 

American Cyanamid Company, Organic Chemical Division os 
American Zinc Sales Company 

Binney & Smith 1s gl .(Opposite Table of Contents) 16 
Cabot, Godfrey L. 9 
Carter Bell Company, The 

Columbia Southern Chemical Corp 

Du Pont Rubber Chemicals Division 

Goodrich, B. F., Chemical Company 

Goodyear Tire & Rubber Company, The 

Hall, C. P., Company, The 

Harwick Standard Chemical Company 


Huber, J. M., Corporation 
India Rubber World 


Koppers Company, Inc. (Chemical Division) 

Monsanto Chemical Company 

National College of Rubber Technology 

Naugatuck Chemical Division (U. 8. Rubber Company)... 

Neville Chemical Company 

New Jersey Zinc Company, The (Outside Back Cover) 

Pan-American Refining Corp., Pan American Chemicals Div. 8 

Phillips Chemical Company . . (Opposite Inside Front Cover) 1 

Rare Metal Products Company 25 

Richardson, Sid, Carbon Company 

Rubber Age, The 

St. Joseph Lead Company 

Scott Testers, Inc 

Sharples Chemicals, Inc 

Southern Clays, Inc 

Stamford Rubber Supply Company, The 

Sun Oil Company, Sun Petroleum tages Title Page) 14 
pposite Title 1 

Superior Zinc Corporation 25 

Thiokol Corporation, The 

Titanium Pigment Corporation 

United Carbon Company 

Vanderbilt, R. T., Company 

Witco Chemical Company 
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CARBON BLACKS 
Wyex (EPC) Aromex 115 (CF) 
Black Conductive Furnace Black 
TX (M 
Medium Processing Channel Black 
Essex (SRF) 
Semi-Reinforcing Furnace Black Arovel (FEF) 
Modulex (HMF) Fast Extruding Furnace Black 
High Modulus Furnace Black Collocarb 
Aromex (HAF) 80% Carbon Black + 20% 
High Abrasion Furnace Black Process Oil 
CLAYS 

Suprex Clay ee oye High Reinforcement 

Paragon Clay. . . . ~ Easy Processing 


RUBBER CHEMICALS 
Turgum S, Natac, Butac. . .  Resin-Acid Softeners 


Zeolex Reinforcing White Pigment 


service 
department 


for assistance 


IJTITANOX 
TITANIUM PIGMENT the bughlest name in pugmenls 

CORPORATION 
Sebsidiery of NATIONAL LEAD COMPANY 
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Performance You Can Rely On! 


‘THERE’S A TYPE. 
O MEET YOUR EXACT 
REQUIREMENTS 


DRY NEOPRENES 


GENERAL-PURPOSE TYPES 


TYPE GN. Svitable for use in non-staining and light- 
colored compounds. 

TYPE GN-A. Contains o stabilizer that results in im- 
proved storage stability; will stain and discolor. 
TYPE GRT. Recommended for compounds requiring im- 
proved tack retention and maximum resistance to crys- 
tallization. 

TYPE W. Possesses outstanding storage stability and 
excellent processing characteristics. Prod vulcani- 
zates having light color, good heat resistance and low 
permanent set. 

TYPE WRT. For use wh the properties of Type W 
ore desired plus maximum resistance to crystallization. 


SPECIAL-PURPOSE TYPES 


TYPE AC. Especially developed for quick-setting adhe- 
sive cements. Superior in stability and color. 


TYPE KNR. Especially developed for high-solids ce- 
ments, putties and doughs. 


TYPE Q. For maximum resistance to oils, chemicals and 
solvents, particularly EP lubricants, refrigerants and non- 
flammable hydraulic fluids. 


TYPE S. Especially developed for crepe soles. Also used 
as a stiffening agent for processing other neoprenes. 


NEOPRENE LATICES 


TYPE 571 (Solids 50% + 1%) — General-purpose type 
for most applications. 


TYPE 572 (Solids 50%+1%)—Fast-setting, high wet- 
strength type for adhesives. 


TYPE GOIA (Solids 59% + 1%)—For dipped and coated 
goods and for foam. Imp d resi: to erystollizati 


NEOPRENE RESISTS: 
Oxidation + Heat + Sunlight + Ozone + Oils + 
Grease + Chemicals Aging Abrasion Flome 

Flex-Cracking. 


DISTRICT OFFICES: 


Houston, Texas, 4141 Dennis St........ 


Los Angeles 58, Col, 2930 E 44th coed 
BETTER THINGS FOR BETTER LIVING 


New York 13, N.Y, 40 Worth St. 
Wilmington 98, Del, 


TYPE 735 (Solids 35% + 1%)—A sol type latex. Spe- 
cially suited for paper making. Used with other latices to im- 
prove wet gel strength and extensibility. 

TYPE 842A (Solids 50% + 1%) —General-purpose, fast- 
curing type; vulcanizates have improved resistance to erys- 
tallization. Recommended for dipping, and asa 
binder for fibers. 


— "The Neoprenes.” Here's 250- 


page book on the principles of compounding and proc- 
essing all types of dry neoprene. It's free for the asking. 
Your Du Pont representative will be glod to secure a 
copy for you. Just write or phone the neorest Rubber 
Chemicals district office. 


THROUGH CHEMISTRY 
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U PONT RUBBER CHEMICALS 
Atlenta, Go., 1261 Spring St, NW. 5391 z 


You can depend upon the Precision char- 
acter of Harwick Standard Chemicals re- 
gardiess of the quantity requirement . . . 
Here is dependable assurance of uniformity 
in any type compounding material for /)% 
rubber and plastics to give certainty in 
product development and production runs. 
Our services are offered in co- 
operative research toward the 


application of any compounding 
material in our line to your 


production problems. 


HAR 


AKRON 5, OHIO 


BRANCHES: BOSTON, TRENTON, CHICAGO, LOS ANGELES 
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TIC -HYDRO-CARBONS |.” 
STANDARD CHEMICAL Co. 


..+ Because the Horse Head line comprises the most 
complete family of Zinc Oxides for rubber: 
1. It is the only line having such a wide range of particle 
sizes, surface conditions and chemical compositions. 
2. Its conventional types cover the range of American 
and French Process oxides. 
3. Its exclusive types include the well-known Kadox 
and Protox brands. 
That means you need not waste time adapting a single 
Zinc Oxide to each specific compound. Instead, just choose 
from the Horse Head line the Zinc Oxides that best meet 


. +» Because you need to compromise less when you 
choose from the wide variety of Horse Head Zinc Oxides. 
++ Because the Horse Head brands can improve the 
properties of your compounds. 
ear after year, for nearly a century, more rubber 
manufacturers have used miore tons of Horse Head Zinc 
Oxides than of any other brands. : 


THE NEW JERSEY ZINC COMPANY 


Founded 1848 
160 Front Street, New York 38, N. Y. 
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